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A Bibliography of Electron Microscopy. Ill 


COMPILED BY 


CLAIRE MARTON 
Division of Electron Optics, Stanford University, Stanford University, California 


AND 


SAMUEL Sass* 
In Charge of Physics and Observatory Libraries, University of Michigan, Ann Arbor, Michigan 


HE interest evidenced in the first two parts 
of our bibliography published in this 
journal! seemed to warrant the present effort to 
bring it up to date so far as is possible under 
existing conditions. As in the earlier parts, the 
material is arranged in eight groups; within each 
group the arrangement ischronological and within 
each year alphabetical by author and title. No 
papers came to our attention which would fall into 
Group VI (Electron Speeds Above 100 kv). 

In the April, 1944, issue of Kolloid Zeitschrift 
(107, 2-16), E. Ruska published a paper sum- 
marizing the development and applications of 
the electron microscope in Germany up to the 
end of 1943. This paper includes a summary in 
table form of the types of electron microscopes, 
the application of each type, and the number of 
papers about each type published in Germany 
up to the end of 1943. The compilers thought it 
would be of interest to publish a translation of 
this table and, for purposes of comparison, to 
construct a similar table showing the number of 
papers published in countries exclusive of 
Germany during the same period. Table I is the 
translation of Ruska’s table and Table II gives 
the same information concerning papers pub- 
lished outside of Germany. 


*Now at General 
Massachusetts. 


1 J. App. Phys. 14, 522-531 (1943); 15, 575-579 (1944). 


Electric Laboratory, Pittsfield, 


We wish to thank Professor F. O. Koenig, 
Stanford University, for his help with the trans- 
lation of German titles, and the assistance of 
Professor L. Marton, Stanford University, is 
gratefully acknowledged. 

January 31, 1945. 
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Hipersili—A Greatly Improved Transformer Iron* 


By T. D. YENSEN 
Westinghouse Electric Corporation, East Pittsburgh, Pennsylvania 


HEN silicon-iron was first introduced 40 

-years ago through the efforts of Hadfield 
in England and Gumlich in Germany, it revolu- 
tionized the transformer industry. Because of its 
high electrical resistivity and better magnetic 
properties, it cut losses in two, made it possible 
to operate transformers at 50-percent higher in- 
ductions, thereby decreasing volume and weight, 
and incidentally eliminated aging through better 
heat treatment practices. 

For 35 years silicon-iron was without a com- 
petitor as core material for distribution and 
power transformers. Many attempts were made 
to find substitutes but without success. Because 
of their high initial permeability iron-nickel 
alloys like Hipernik (40-60 percent nickel) have 
found a place in the radio and instrument trans- 
former field, and higher nickel alloys like Perm- 
alloy in the telephone field, but their high cost 
and low saturation values have precluded their 
use in the ordinarv transformers. 

While. no successful substitute was found for 
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* This paper was presented at the April, 1944 meeting 
of the American Physical Society in Pittsburgh. 
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silicon-iron, an enormous amount of research and 
development work was done to improve upon 
Hadfield's original alloy. As a measure of the 
success of this work might be mentioned that 
the commercial hot rolled silicon-iron in common 
use today has a core loss of less than one-half 
of that of the alloy used 40 years ago, and a 
maximum permeability of more than double. 
The high density permeability, however, has not 
been materially improved. 

That there was plenty of room for still further 
improvements has been known for a long time. 
In the first place, the work done at the Westing- 
house Research Laboratories! since 1916 had 
shown that it was quite possible to reduce the 
hysteresis loss to still lower values by removal 
of impurities, particularly carbon (Fig. 1) and 
increase in grain size (Fig. 2). 

In the second place, it has been known for the 
last 15 years that iron and iron-silicon alloys are 
magnetically anisotropic, i.e., that the magnetic 
properties, particularly the high density perme- 
ability, are different in different crystallographic 
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1T. D. Yensen, Trans. A.I.E.E. 43, 145 (1924); U. S. 
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Fic. 3. Effect of grain orientation on the magnetic properties of iron. 


directions, as shown in Fig. 3 for iron,” and Fig. 4 
for silicon iron.’ If the alloy could be treated in 
such a way that all or most of the crystal grains 
could be oriented with their cube edges, [100], 
parallel to the direction in which the finished 
material is to be magnetized, then a much higher 
flux density could be obtained than with ran- 
domly oriented grains for the same exciting 
current (or magnetizing force). Work along this 
line has been carried on in various laboratories 
during the past 15 years, and successful processes 
have been developed for producing strip of any 
thickness having crystals with the cube edge 
parallel to the rolling direction.‘ © 

Thirdly, as it is generally conceded that aging, 
i.e. change in properties, particularly increases in 


*K. Honda and S. Kaya, Sci. Reports, Tohoku Imp. 
Univ. 15, 721 (1926). W. E. Ruder, Trans. A.S.S.T. 23, 8 
(1925). 

*H-: J. Williams, Phys. Rev. 52, 747 (1937). 

4N. P. Goss, Trans. A.S.M. 23, 1107 (1935). U.S. 
Patents 1,965,559, July 3, 1934; 2,084,336, June 22, 1937; 
2,084,337, June 22, 1937; assigned to the Cold Metal 
Process Company; i Sixtus, Physics 6, 105 (1935); 
R. M. Bozorth, Trans. A.S.M. 23, 1107 (1935); F. Bitter 
U.S. Patent 2,046,717, July 7, 1936. Assigned to W. E. 
and M. Company; G. H. Cole and R. L. Davison, U.S. 
Patent 2,158,065, May 16, 1939; V. W. Carpenter, U.S. 
Patent, 2,236,519, April 1, 1941; V. W. Carpenter, U.S. 
Patent, 2,287,466, June 23, 1942; V. W. Carpenter and 

ohn M. Jackson, U.S. Patent 2,287,467, June 23, 1942. 

he last four patents are assigned to the American Rolling 
Mill Company. 
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hysteresis loss at operating temperatures, is 
caused by precipitation of impurities from a 
super-saturated solid solution, it follows that 
aging can be eliminated by reducing the im- 
purities to the solubility limit at room tempera- 
tures. This naturally goes hand in hand with the 
process for reducing the hysteresis loss, so that, 
if the hysteresis loss is sufficiently reduced by 
eliminating the impurities to a very low value, 
there should be no aging effect. This point has 
been definitely established. 
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Fic. 4. The observed and calculated magnetization 
curves for the (100), (110) and (111) directions of single 
crystals of 3.85 percent silicon-iron. 
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Lastly, magnetostriction, i.e., change in dimen- 
sions on magnetization, produces vibration in the 
core, and as 60-cycle current results in 120 
vibrations per second for the fundamental flux 
and double frequencies for each of the upper 
harmonics, all transformers emit more or less 
noise, depending on the amount of magnetostric- 
tion in the core material. As magnetostriction is 
a function of domain orientation, it so happens 
that the treatment that has been developed for 
the production of low hysteresis loss and pre- 
ferred orientation also results in lowered mag- 
netostriction. 

Hipersil is the name that we have applied to a 
silicon-iron alloy in which all the above desirable 
properties, i.e. low impurities, large grain size, 
and crystal orientation, have been combined, 
and is therefore an ideal transformer material. 
The alloy, containing from 3. to 4 percent Si, 
after hot rolling to a thickness of 2 to 3 mm 
(about 0.1’) is put throuigh a combination rolling 
and heat treating process that produces a maxi- 
mum of preferred lattice orientation resulting in 
a flux density in the rolling direction for operating 
magnetizing forces that is from 20 to 30 percent 
higher than that of the best standard silicon-iron 
sheet. The annealing process removes the im- 
purities, of which the most important are oxygen, 
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carbon, and sulphur, down to a few thousandths 
of a percent and at the same time produces grain 
growth and the preferred! grain orientation. 

Transformers with this material were built 
some nine years ago, and have been in constant 
service; but it is only during the past four 
years that manufacturing processes, both for the 
manufacture of Hipersil and for the construction 
of the transformers, have been perfected to the 
point where large scale applications have been 
possible. This development is the result of close 
cooperation first between the Research and De- 
velopment Departments of the American Rolling 
Mill Company and Westinghouse Electric Cor- 
poration and then between the operating depart- 
ments of these two companies. 

One feature in this development that merits 
particular mention is the construction of the 
core. It is obvious that, because of the preferred 
crystal orientation of Hipersil, it must be used 
in such a way that the flux will be generated in 
the direction of rolling in order that any benefit 
can be derived from its use. This means that the 
core must be built in one of two possible ways: 
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(1) either it must be built with plates sheared 
so that the direction ofthe flux throughout the 
core will be parallel to the rolling direction, or 
(2) the core must be wound up like a clockspring. 

Large transformers are still built in accordance 
with a modification of the first scheme, which has 
been orthodox for many years, overlapping the 
joints at the corners. For smaller (distribution) 
transformers L-shaped punchings were previously 
used, and these were punched from sheets or 
strips at an angle of 30 to 45° depending on the 
ratio of the length of the two legs. This practice 
saved material and labor, eliminated half of the 
joints and enabled the engineers to take ad- 
vantage of the fact that the rolling technique, 
current at the time, produced a sheet in which 
the high density permeability was somewhat 
higher at 45° than parallel to the rolling direction. 
The joints, of course, were staggered. 

With Hipersil such a scheme obviously cannot 
be used ; it would result in the worst possible mag- 
netic properties. Consequently wound cores have 
been resorted to. To make these, one company has 
developed an ingenious process for threading the 
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strip through the completed primary and second- 
ary windings, resulting in a circular core. Another 
company has developed a scheme for winding the 
copper coils on to the finished cores. The West- 
inghouse Transformer Department, on the other 
hand, has developed and perfected another 
process that appears to have several obvious 
advantages. The cores and coils are completed 
separately in accordance with optimum designs 
as to size and shape (usually rectangular). After 
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being “strain annealed”’ so as to remove winding 
strains, the cores are impregnated with an insu- 
lating compound so as to make them solid, then 
cut in two, the sections ground, polished and 
etched so as to make as nearly perfect joints as 
possible and finally assembled with the coils into 
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Fic. 10a. (100 ) Commercial 3.5 percent H.R. Si-iron. mill annealed, slowly cooled. Not aged. 
Revennvaiie loss—1400 ergs. 
Fic. 10b. (100) Same. Aged 600 hrs. at 100°C. Hysteresis loss—1420 ergs. .". No aging. 
Fic. 10c. (100) Same. Reannealed at 1200°C to redissolve impurities. Cooled 100°C per hour. Not aged. 
Hysteresis loss—480 ergs. 


Fic. 10d. (100) Same. Aged 600 hrs. at 100°C. peuents loss—730 ergs. .°. 50 percent aging. 


a completed transformer. The joints thus made 
are equivalent to airgaps of the order of a fraction 
of a mil (i.e., less than 0.001”) in length. This 
results in simplicity of construction, minimum 
of volume, maximum of efficiency, and ease of 
repairs in case of accidents. 

The magnetic properties of Hipersil are shown 
in Figs. 5 and 6 as functions of orientation with 
respect to the rolling direction. The fact that the 
lowest permeabilities and highest losses for high 
flux densities do not occur at 90° can be explained 
on the basis, supported by experimental evidence, 
that the grains are largely oriented with a cube 
edge, [100] axis, parallel to the rolling direction, 
but with a face diagonal, [110], at right angles 
to the rolling direction in the plane of the strip. 
This makes the 55° direction parallel to a body 
diagonal, [111] axis, which is the direction of 
most difficult magnetization (see Fig. 4).5 

The eddy loss also varies with orientation and 
the total loss curves are of the same general 


5 Another interpretation of the x-ray evidence is that at 
right angles to the rolling direction the grains are more or 
less randomly oriented ; but the relative effect on the mag- 
netic properties would be about the same in the two cases. 
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shape as the hysteresis loss curves, as shown in 
Fig. 6. 

In Figs. 7 and 8 are shown B-H curves and 
hysteresis loops, respectively, for a_ typical 
Hipersil sample in: comparison with ordinary hot 
rolled silicon iron, both cut parallel to rolling 
direction. As transformers are usually operated 
with exciting currents corresponding to a mag- 


_netizing force of 10 to 20 oersteds, Fig. 7 shows 


that Hipersil can be operated at a flux density of 
20 to 30 percent higher than is practical with 
hot rolled sheet. This means a decrease in core 
cross section of 20 to 30 percent, and Fig. 9 
shows that this can be done with about the same 
total core loss at the higher induction as is 
possible with hot rolled sheet at the lower in- 
duction. The importance of this improvement is 
obvious to electrical engineers. 

One of the advantages of silicon-iron is that it 
supposedly does not age. However, this depends 
largely on the kind of heat treatment it has been 
subjected to. With a carbon content of 0.01 to 
0.02 percent all silicon-iron alloys may age, if 
cooled at the rate of 50° to 100°C per hour 
from the annealing temperature. An increase in 
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Fic. 1la. (300) 3.25 percent Hipersil base. Annealed in cont. furnace at 1100°C. Not aged. 
Hysteresis loss—630 ergs. 0.007 percent C. 
Fic. 11b. (300) Same. Aged 600 hrs. at 100°C. Hysteresis loss—1350 ergs. .°. 115 percent aging. 
Fic. 11c. (300) 3.25 percent Hipersil base annealed in cont. furnace at 1100°C. Reannealed at 1200°C to eliminate 
impurities. Not aged. Hysteresis loss—365 ergs 0.004 percent C. 
Fic. 11d. (X 300) Same. Aged 600 hrs. at 100°C. Hysteresis loss—375 ergs. .". No aging. 


hysteresis loss of 100 percent or more is often 
obtained on subsequent heating for several 
hundred hours at 100°C. This is probably caused, 
as previously stated, by precipitation of carbon 
in the form of colloidal particles of iron carbide 
from the super-saturated solid solution, as the 
solubility limit of carbon in a-iron at 100°C is 
of the order of only 0.001 percent. Our present 
hypothesis postulates that these colloidal par- 
ticles of carbide produce a distortion of the 
crystal lattice surrounding them that causes this 
increase in hysteresis loss. In the ordinary 
process of annealing silicon-iron sheet, the cooling 
rate is so low that the carbon is given a chance to 
precipitate during the cooling period under con- 
ditions that prevent the strains that are produced 
when the precipitation takes place at 100°C. 
Figure 10 shows photomicrographs before and 
after aging at 100°C of a 3.5-percent hot rolled: 
silicon iron alloy: 10-a and b after annealing in 
the ordinary way, i.e., after very slow cooling; 
10-c and d after reannealing to redissolve and 
partly remove impurities, followed by fairly rapid 
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cooling (about 100°C per hour).® After the first 
aging treatment (Fig. 10-b), there is no visible 
precipitate and no appreciable increase in hys- 
teresis loss, while after the latter (Fig. 10-d) the 
grains are full of minute spots and the hysteresis 
loss has increased by over 50 percent. We in- 
terpret these spots as being caused by strains 
surrounding the colloidal particles rather than 
representing the particles themselves. Similar 
phenomena are found for all silicon contents, 
although to a lesser degree for 4 percent Si than 
for lower silicon contents. The spots and the 
accompanying increase in hysteresis loss can be 
largely eliminated by reannealing at a low tem- 
perature (500° to 700°C) for several hours, the 
explanation being that such a treatment, while 
it may to some extent further remove impurities, 
eliminates the aging largely by eliminating the 
strains in the lattice surrounding the precipitates. 


6 These photomicrographs were obtained by Miss Mil- 
dred Fergusion, of the Westinghouse Research Labora- 
tories using a special technique to bring out the spots 
cased by aging. ’ 
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Fic. 12. Comparative magnetostriction. 


Another and surer way of eliminating the effect 
of aging, as already stated, is to reduce the im- 
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purities to the solubility limit at 100°C, which 
can be done by the special annealing process 
already referred to. This is accompanied by a 
greatly decreased hysteresis loss, so that this 
treatment serves a double purpose. 

In the case of Hipersil the aging situation is 
the same as for ordinary silicon-iron. As ordi- 
narily made the finished strip may contain 0.01 
to 0.02 percent carbon. When annealed at a high 
temperature in a continuous furnace in which the 
cooling rate is very high, the carbon content 
may drop to less than 0.01 percent and the 
hysteresis loss to 6-700 ergs for -B=10,000 
(Fig. 11-a), but aging may increase this by over 
100 percent and is accompanied by a precipitate 
as shown in Fig. 11-b. When reannealed at 500 
to 700°C the hysteresis loss may return to the 
original value and the spots disappear. But a 
far more beneficial effect is obtained by the 
special purifying annealing process whereby a 
very low hysteresis loss is obtainable and all 
aging effects are eliminated, as shown in Fig. 11-c 
and d. The ultimate magnetic properties are 
then, as shown in Figs. 7, 8, and 9. 

It is a very fortunate circumstance, as has 
already been stated, that the same heat treat- 
ment that produces low losses and eliminates 
aging, also decreases maghetostriction to such an 
extent that noise ceases to be a serious problem. 
Figure 12 shows magnetostriction curves for 
Hipersif, as compared with standard hot rolled 
sheet. 


SUMMARY 


Hipersil is a silicon-iron alloy that, by a com- 
bination of hot and cold rolling processes, fol- 
lowed by a refining annealing process has reached 
such superior magnetic properties, as to cause 
just as great improvements in present day trans- 
former iron as were obtained at the time of the 
introduction of silicon-iron. The 1905 4 percent 
silicon-iron cut losses roughly in two; subsequent 
improvements again cut losses in two. Hipersil 
has now cut the losses to one-half once again, 
making them } of those of Hadfield’s alloy and 
with ten times the maximum permeability. 
Figure 13 shows graphically the development 
from 1900 to the present time. 
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New Appointments 


Donald E. Stearns has been appointed Professor of Civil 
Engineering and Chairman of the Department of Civil 
Engineering in the College of Applied Science, Syracuse 
University, Syracuse, New York. In recent years he has 
been associated with the firm of Fay, Spofford and Thorn- 
dike, consulting engineers, Boston, Massachusetts, as 
engineer in the Sanitary Division. 


David Gordon, recently chief engineer for the Inter- 
chemical Corporation, has joined the staff of Foster D. 
Snell, Inc., as director of engineering. He will have com- 
plete responsibility for all engineering projects and serve 
as consulting engineer. 


Arthur H. Compton, chairman of the department of 
physics, University of Chicago, has been named chancellor 
of Washington University, St. Louis, Missouri, to succeed 
George R. Throop, who retired in June 1944. 


Frank Hovorka, professor of chemistry, Western Reserve 
University, has been appointed acting head of the uni- 
versity’s department of physics, succeeding Dr. Harry W. 
Mountcastle, who has retired after 38 vears of service 
with Western Reserve. 


Lincoln Foundation Awards 


A 12-page brochure, covering the object and purpose 
of the Award Program for Textbooks in Modern Design 
and setting forth all rules and conditions governing the 

rogram, has been published by trustees of The James F. 
Pineoln Arc Welding Fountlation, Cleveland 1, Ohio. The 
brochure is the official document of the Award Program 
announced by the Foundation in April to encourage 
preparation of textbooks on design for use of engineering 
a orceee whi in machine design and in structural design 
for fabrication by all processes including welding. It 
covers thoroughly the types of subject matter to be 
treated in these fields, listing the awards which are divided 
into the two classes and which total $20,000. It carries 
explanatory paragraphs on royalties for manuscripts of 
award-winning authors, method of payment of awards, 
eligibility requirements, bases of judgment in rating yen 
how to present subject matter, a other pertinent facts 
designed to assist prospective participants. The brochure 
may be obtained gratis by anyone interested. Address 
requests to the Secretary of the samen 


Electron Optics Fellowships 


The Westinghouse Educational Foundation has pro- 
vided three fellowships in electron optics at The Ohio 
State University—one post-doctoral fellowship with a 
stipend of $3000 per year and two pre-doctoral fellowships 
with stipends of $1000 per year. These fellowships are 
open to graduates in physics, mathematics, and electrical 
engineering. Application forms may be obtained from the 
Dean of the Graduate School of The Ohio State Univer- 
sity, Columbus, Ohio. 


American Society for Testing Materials 


The regular annual meeting of the American Society 
for Testing Materials, scheduled for Buffalo, New York, 
June 18-22, has been cancelled because of the transporta- 
tion situation. Instead a business session or sessions will 
be held probably the last week in June in New York City. 
The Society will proceed with the printing of its technical 
papers that would normally have been presented, and 
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these will be distributed to the members as is customary. 
The Society's technical committees are holding meetings 
at various times and places, and its work on specifications 
and tests for materials continues intensively. The Society 
is extending its standardization activities in the field of 
ultimate consumer goods and is appointing a new adminis- 
trative committee to direct this. Another phase of work 
to be undertaken is “the study, development, and stand- 
ardization of methods of tests of materials, parts, and 
assemblies, in actual or simulated service conditions.” 


New Meteorology Journal : 


The American Meteorologicai Society has initiated a 
new quarterly publication entitled Journal of Meteorology. 
lhe table of contents of the first issue is as follows: 


On the Theory of Cyclones—J. ByeERKNES AND J. HoLMBOE 

Determination of the Normal Regions of Heating and Cooling in 
the Atmosphere by Means of Aerological Data—Harry WEXLER 

Temperature C es during Formation and Dissipation of West 

Coast Stratus— Morris NEIBURGER 

The Recurvature of Tropical Storms—H. RIEHL AND R. J. SHAFER 


Research Index 


Research data of immense importance, much of which 
is buried in the many departments of the technical schools 
and universities, is now being unearthed for the first time. 
Master theses are being made available to industry. In- 
formation which is not easily accessible is being made 
available in carefully indexed form. Through the cooperation 
of the leading technical schools and universities, Master 
theses that are of importance to industry and research 


. will be indexed in the technical Digest-Index issued by The 


National Research Bureau, Inc., 415 North Dearborn 
Street, Chicago 10, Illinois. They will be supplied or 
microfilm through the Library of Industrial Research, a 
non-profit organization acting as a clearing house for the 
exchange of technical, scientific, and management in- 
formation. 


Einstein Retirement 


Albert Einstein has retired and has been named professor 
emeritus, Institute for Advanced Study, Princeton, New 
Jersey. 


New National Academy Members 


The following physicists have been elected to the Na- 
tional Academy of Sciences: Enrico Fermi, E. P. Wigner, 
Otto Stern. Among the engineers elected were Mervin J. 
Kelly, Executive Vice President of the Bell Telephone 
Laboratories, and George W. Lewis, Director of Aero- 
nautical Research of the National Advisory Committee on 
Aeronautics. 


Electrochemical Officers 


The Electrochemical Society, Inc., elected the following 
officers at its 44th Annual Meeting: President, William R. 
Veazey of Midland, Michigan; Vice President, James A. 
Lee of New York City; Treasurer, W. W. Winship of 
a York City; Secretary, Colin G. Fink of New York 

ity. : 


Honorary Degree 


Dr. John T. Tate received the honorary degree of Doctor 
of Science at Case School of Applied Science on April 22. 
He delivered the commencement address entitled ‘The 
Role of Science in Society.” 
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New Buildings at Bell Telephone Laboratories 


As soon as war restrictions permit, the facilities of Bell 
Telephone Laboratories at Murray Hill, New Jersey, will 
‘be greatly augmented, according to an announcement by 
Dr. Oliver E. Buckley, president of the Laboratories. The 
pro addition is approximately the same size as the 
initial buildings, which were opened in 1941 and cost more 
than $2,000,000. The new building will extend the lines of 
the present one about five hundred feet in a northeasterly 
direction. Old and new buildings will be joined by a bridge 
with a sheltered bus terminal beneath. The accompanying 
picture shows the architects’ sketch of the complete build- 
ing group with roadways and tree-shaded parking areas. 

Since the present building was opened in the fall of 
1941, about one ‘hundred groups from varied industries, 
Government departments, and some from abroad have 
come to study its new features. The unique requirement of 
a laboratory is that it must be designed for change. 
Prominent among new features which visitors come to see 
are the quickly movable partitions and the ease with which 
wires, cables, and pipes may be installed or removed and 
yet concealed from view. 

There are no permanent partitions in the buildings 
except those around the stair wells and elevator shafts. All 
others are built of easily movable metal panels. The outside 
surfaces of these units are sheet steel and they are separated 
by a three-inch space which is packed with rock wool to 
prevent the transmission of sound and heat. Doors and 
transoms are made in one unit which can be interchanged 
with a partition in any part of the buildings. Along the 
outside wall of the buildings there is sheet steel wainscoting 
under the windows and up the piers between them. This is 
the same in appearance as the partition panels. The 
wainscoting is removable without special tools to give 
access to service pipes and wiring which are installed behind 
it. Similar wainscoting is applied around interior columns. 

At intervals, small wings jut out from the main building 
providing well-lighted offices for physicists, chemists, and 
engineers conveniently close to their laboratories. Shops, 
library, medical department, and restaurant all fit into the 
pleasing functional pattern. The fields and woods, court- 
yards, and shaded lawns all tend to make it a pleasant 
place in which to work. 

People are all important to an institution whose products 
are discovery, invention, and design—creations of the 
intellect. In choosing this two-hundred acre site the Bell 
Telephone Laboratories management sought a pleasant 
and healthful countryside in the midst of desirable home 
communities which spread over a wide area in towns along 
the Orange Mountain Range and the adjoining valleys. 
There is no intention of creating a company community in 
the immediate vicinity of the buildings. Murray Hill is 
about twenty-five miles from the New York headquarters. 

The executive offices of Bell Telephone Laboratories 
will continue to be at 463 West Street, New York City and 
a majority of the employees will continue to work there. 
With the addition at Murray Hill, however, about two 
thousand employees will work at the new location com- 
pared with more than one thousand employed there during 
the war. This will include all of the research work, and 
most of the work of apparatus development. 

Though designed for peace-time use, the present new 
laboratory opened just as war was breaking and its new 
and adaptable space proved to be a great aid to Bell 
Laboratories’ war service. Within its walls scores of war 
projects have been started, some small and completed 
quickly, others large and expanding from a room to whole 
sections of the building. The completion of the Murray 
Hill building project will find Bell Telephone Laboratories 
well equipped to design better and more economical tele- 

hone and radio equipment for the Bell Telephone System. 

t will also be ready and equipped to continue its record of 
achievement in developments for the Army and Navy as 
they may have need for its services in the future. 
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Adaptation of Special Specimen Holders to 
Commercial Electron Microscopes — 


L. MARTON 
Division of Electron Optics, Stanford University, California 
May 4, 1945 


EVERAL inquiries came to this laboratory concerning 
the use in commercial electron microscopes of the 
specimen holder described in an earlier issue of this 
journal.' The specimen holder can be very easily adapted 
to such instruments by transforming the “cartridge” or 
other support into a kind of tongs. This adaptation can 
be described by using the cartridges of the RCA Type B 
instruments as examples. Figure 1 represents the general 
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Fic. 1. ‘Cartridge’ of RCA Type B microscopes. 


appearance of the cartridge as supplied with these instru- 
ments. For the special specimen holders of the Stanford 
instrument, a similar cartridge can be made (Fig. 2) by 
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Fic. 2. Modified ‘‘cartridge”’ to serve as tongs for specimen holder. 


omitting the one normally holding the wire screen, and 
— the y of the cartridge. First the lower end of 
the cartridge, marked A, is turned to the inside diameter 
of the eyelet in which the screen is mounted. The surface 
of this turned part should not be too finel lished so 
that a certain degree of surface roughness he ps to hold 
the eyelet from the inside. After turning to the right 
diameter, the cartridge is split as indicated on Fig. 2, and 
slightly spread. The shoulder, B, provides the fixed depth 
to which the tongs can be inserted into the eyelet. By 
varying the length of the cartridge, the same type of 
operation at different magnifications can be achieved as 
indicated, for instance, by Burton, Barnes, and Rochow.? 


1L. Marton, J. App. Phys. 16, 134 (1945). 


2C. J. Burton, RB. Barnes, and T. G. Rochow, Ind. Eng. Chem. 
34, 1429 (1942). 
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A Comparison of Some Elastic Properties of Tire Cords 


He_mMut WAKEHAM, EpitH HONOLD, AND EvALp L. SkKAu 
Southern Regional Research Laboratory, New Orleans, Louisiana‘ 


(Received January 25, 1945) 


Additional information concerning the elastic properties of tire cords is needed since the 
present criteria involving breaking strength and elongation are considered insufficient to 
enable prediction of tire cord performance. The elastic behavior of Nylon, of rayon, and of 
unstretched and stretched cotton tire cords are compared with respect to their rates of elonga- 
tion during measurement of the stress-strain curves and their elongation under static loads 
at various temperatures between 25° and 200°C. Elongations under the influence of cyclic 
loads are shown for cotton and rayon cords, and an apparatus for determining mechanical 


hysteresis of tire cords during cyclic loading is descri 


. The temperature and moisture 


content of the cord are shown to have considerable effect upon its elastic properties. 





I. INTRODUCTION 


HE necessity of satisfactory correlation of 

laboratory test data with the service be- 
havior of textile materials such as tire cords 
confronts the investigator in this field all too 
frequently, in view of the enormous amount of 
fundamental and theoretical work which has 
been done on the mechanical properties of fibers 
and yarns. The fund of information available 
does not yet permit successful prediction of the 
physical properties of such a combination of 
filaments or fibers as is present in a tire cord. In 
fact, present knowledge does not even allow a 
complete statement of the characteristics desired 
in an “‘ideal’’ tire cord, even if such a cord could 
be made with existing techniques: 

This failure may be due to the overemphasis 
which, in the past, has been placed upon the 
“breaking load’? in judging serviceability of 
mechanical fabrics. There are evidences that the 
trend in tire cord testing is away from the sole 
dependence upon tensile tests to the view that 
no one laboratory test, or even three, will satis- 
factorily predict tire cord behavior in the tire. 
Careful investigations of additional tire cord 
properties should aid, therefore, in obtaining a 
more useful set of requirements for a good cord. 


1 This is one of the laboratories of the Bureau of Agri- 
cultural and Industrial Chemistry, Agricultural Research 
Administration, U. S. Department of Agriculture. 

2 The term “breaking load” (frequently referred to incor- 
rectly as “‘tensile strength”) as used in this paper refers to 
the maximum load developed in a tension test carried to 
rupture. The values herein reported were obtained with a 
Scott pendulum-type cord tester and do not take into 
account the gage of the cord. 


388 


In the present work, some elastic properties of 
four commercial and five experimental cotton 
tire cords were compared over a wide range of 
loads, temperatures, etc., to show how these 
properties might be expected to chatige under 
varying conditions. The results reported here are 
preliminary in the sense that considerably more 
study will be required to investigate completely 
each factor involved. For this reason, no attempt 
is made to interpret all the phenomena described 
in terms of the known fundamental elastic char- 
acteristics of these textile materials. Some of the 
experiments mentioned are, furthermore, being 
extended and are here reported only to indicate 
the nature of the characteristic being investi- 
gated. They will be discussed in greater detail in 
a later paper. 


II. PREVIOUS WORK 


The elastic properties of tire fabrics or cords 
were investigated in the pioneering researches of 
King and Truesdale,* of Gurney and Davis,‘ and 
of Stavely and Shepard.’ These workers all 
agreed that breaking strength and ultimate 
elongation are not sufficient information for 
proper evaluation of a tire cord, and that 
elasticity under repeated stressing is an im- 
portant characteristic of cords used in tire 
service. The method by which this property was 


3F,. C. W. King and R. Truesdale, Text. Recor. 41, 41, 
88 April) ; 86, 99 (June) and 103 (July 1923). 
°. P. Gurney and E. H. Davis, Text. World 68, 219 
(1925). 


5 F. W. Stavely and N. A. Shepard, Ind. Eng. Chem. 
19, 296 (1927). 
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Taste I. Physical properties of tire cord samples. 














Group . A—Com mercial tire cords 


| 
Group B—Experimental cotton tire cords 








1 2 4 1 2 s 4 5 
é ( ao Se Mercerized *Dual- 
Identification of cords Nylon Rayon cotton cotton Unstretched Stretched Unstretched Stretched  stretched"’ 
Gage 0.016 0.023 0.033 .028 0.028 0.027 0.035 0.031 0.033 
Construction? 210/4/2 1100/2 18.3/4/3 11/3/2 22.75/4/3 22. aa 17/4/3 17/4/3 17/4/3 
Cord number (Hanks/Ib.) 2.86 2.18 1.26 52 1.56 1.16 1.23 1.19 
{Cord 10 “‘s” 11.5 “‘s? 10.0 “‘s”’ 10.4 “‘z"’e 10.5 “s”’ 10.0 “‘s” 10.4 “‘s 10.2 “‘s” 10.1 “‘s”’ 
Twists per inch} Ply 0 10.7 “‘z 3S" 2ae°e" 26.7 “‘z” 2334 “a= 20.6 “‘z 20.1 ‘‘z’’ 19 
{Single 0 — > a ag 7 10.8 “‘z”’ 14“s" 10.0 “‘z 9.7,“'2” 10.5 “‘z 
Test under, Breaking load in lbs. 25.2 14.2 19.2 19.0 17.9 19.1 23.4 -24.7 26.2 
standard {Percent fat 10 # 12.4 98 10.8 8.0 9.0 6.0 14.7 6.2 9.6 
conditions | Elongation | at break 22.0 16.6 20.0 10.8 13.4 , Sa 21.8 11.8 14.3 
| | Moisture content, F 
% of dry weight 4.0 14.5 7.8 9.4 8.2 8.0 7.9 8.3 8.4 
Bone dry Breaking load i in Ibs. 25.4 18.0 17.7 19.1 15.9 17.9 18.5 22.0 24.2 
test {Percent fat 10 # 11.8 45 6.0 4.8 7.3 5.9 10.4 6.0 11.1 
\Elongation\at break 22.0 10.8 8.7 7A 10.3 8.2 15.4 9.4 15.7 
Hot break, Breaking loadin lbs. — 13.5 12.6 11.8 10.9 13.0 13.7 15.7 16.1 
130°C. {Percent 3 10 + — 8.0 6.5 5.7 7.8 5.6 99 4.8 10.0 
\Elongation\at break — 11.0 7.5 6.1 8.0 6.6 12.1 7.0 12.9 
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* This mercerized cord was manufactured and treated by commercial methods and equipment but has not been used in other than experimental 


or test tires to the knowledge of the authors. 


> The first figure represents size of single yarns (denier for Nylon and rayon and yarn number for cotton); the second figure represents number 
of single yarns per ply; and the third figure represents number of plies in the cord. 
«Note that the twist of the mercerized cord differed from that of the other cotton cords. 


tested, however, varied ; some investigators used 
flexing machines, whereas others simply meas- 
ured elongations as loads were applied or re- 
moved at regular intervals. 

Gurney and Davis® followed this preliminary 
work with a more fundamental study of the 
elastic properties of tire cords. They called 
attention to the work of Barratt,’ who showed 
that cotton fibers after being stretched do not 
recover completely, and pointed out that the 
elastic properties of a tire cord are necessarily 
conditioned by the elastic properties of the fiber. 
They demonstrated, however, that cotton cords 
with high and low twists have different elonga- 
tions and different degrees of recovery, proving 
that the elastic properties of cords depend, at 
least to some extent, upon the cord construction. 

Midgley and Peirce,® in studying the influence 
of the time factor on the breaking load of yarns 
and fibers, found that although the apparent 
“tensile strength” varied with the rate of loading, 
the ultimate elongation observed was about the 
same in each case. This indicated the possibility 
of a flow phenomenon, which was more thoroughly 
investigated by Smith and Ejisenschitz® for the 
case of rayon filaments. They found that the 


°H. P. Gurney and E. H. Davis, J. Text. Inst. 21, T463 
(1930). 

7T. Barratt, J. Text. Inst. 13, T17 (1922). 

8 E. Midgley and F. T. Peirce, J. Text. Inst. 17, T330 
(1926). 

*H. D. W. Smith and R. Ejisenschitz, J. Text Inst. 22, 
T170 (1931). 
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rate of elongation with respect to time for a 
static load increases rapidly with increasing tem- 
perature. Recently, this subject has received 
further attention by Press!® and by Leaderman." 

Practically no data are available in the litera- 
ture on the effect of temperature on the elastic 
properties of tire cords. Busse and coworkers” 
reported the ‘“‘growth” of tire cords at various 
temperatures and loads. Loaded cotton and 
Nylon cords under conditions of negligible creep 
were found to contract when the temperature 
was raised, analogous to the effect observed with 
rubber and other high polymers. The breaking 
loads of cotton and rayon tire cords were shown 
to decrease at 350°F by about 35 percent and 
20 percent, respectively, of their normal values. 
But this work was limited in scope, and a direct 
comparison between cords of different types was 
not made.'* 

Although an enormous amount of research 
has been done on the fundamental characteristics 
of high polymeric fibers and yarns, mostly at 


107. J. Press, J. App. Phys. 14, 224 (1943). 

1H. Leaderman, Hlastic and and Creep Properties of Fila- 
mentous Materials and Other High Polymers, The Textile 
Foundation, Washington, D. C. Ng sey 

2 W. F. Busse, E. T. Lessi L. Loughborough and 
L. Larrick, J. App. Phys. 13, is ( (1942). 

% In a paper which appeared after the manuscript for 
this article was submitted, J. H. Dillon and I. B. Pretty- 
man, J. App. Phys. 16, 159 (1945), report an interesting 
comparison of the breaking loads, elongations, and creep 
characteristics of tire cords at various temperatures and 
humidities. 
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FiG. 1a. Tensilgrams for tire cords. Group A. Commercial 


’ tire cords: 1. Nylon; 2. rayon; 3. ordinary cotton; 4. 


mercerized cotton. For further data on these cords see 
Table I. 


room temperature," much work remains to be 
done on the effect of temperature on the elastic 
properties of tire cords, especially in view of the 
higher temperatures generated in service by 
synthetic rubber tires. 


Ill. EXPERIMENTAL 


The cords tested were chosen for their differ- 
ences in the properties ordinarily measured. 
A compilation of these characteristics is shown in 
Table I. These data, with the exception of results 
of “bone-dry” tests and “hot breaks,” were 
obtained on the cords under the ASTM standard 
testing conditions of 70°F and 65 percent rela- 
tive humidity.“ Breaking loads under bone-dry 
conditions were determined in the manner com-. 
monly employed by commercial testing labora- 
tories.'* The hot breaks are breaking load values 
obtained in a special chamber mounted on the 
tester” and maintained at such a temperature 
that the cord is at approximately 130°C. These 
high temperature values give some indication of 
the loss in strength to be expected when the cord 
is hot. Such values could not be obtained with 


‘8 For summaries of this work, the reader is referred to 
the reviews to be found in Section 10 of E. Ott’s Cellulose 
and Cellulose Derivatives, Vol. V of High Polymers (Inter- 
science Publishers, Inc., New York, 1943) and in R. 
Houwink’s Elasticity, Plasticity and Structure of Matter 
(Cambridge University Press, London, 1940). Excellent 
Sey te ies may also be found in the publications of 
Press (reference 10) and Leaderman (reference 11). 

“4 A.S.T.M. Standards, Part III, D179-42, p. 625 (1942). 

For a fairly complete discussion of the bone-dry 
technique used, see G. B. Haven’s Mechanical Fabrics (John 
Wiley and Sons, Inc., New York, 1932). 
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this equipment on the Nylon cord because of its 
high elongation. 

The experimental tire cords in group B were 
made in this laboratory as part of the research 
program on cotton cords. The cotton used was of 
the Wilds-13 variety (1942 crop) with a staple 
length of 13 inches. The treatments indicated in 
Table | were given to the cords for the purpose 
of increasing breaking strength and controlling 
elongations at 10-pound loads rather than to 
vary the properties discussed below. Thé ‘‘dual- 
stretched” cord (B5) was treated by a process 
described by Philipp and Conrad!* for producing 
a stretched cotton cord with high strength and a 
relatively high elongation. 

In the experiments described below, the cords 
and the apparatus used were kept in a room at 
constant conditions so that the cord samples 
were exposed to the same atmosphere. A tem- 
perature of 25°C and a relative humidity of 65 
percent were chosen rather than some others 
because of the ease with which these conditions 
can be reproduced. The recent histories of the 
cords were thus more comparable than they 
might have been had each sample been subjected 
to some individual conditioning treatment im- 
mediately before testing. Since it is quite possible 
that the moisture content of the tire cord in 
actual use may vary over a considerable range, 
no attempt was made in these experiments to 
control the moisture in the cord other than to 
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Fic. ib. Tensilgrams for Tire Cords. Group B. Ex- 
perimental cotton cords: 1. 22.75/4/3 construction, 
unstretched; 2. 22.75/4/3 construction, stretched; 3. 
17/4/3 construction, unstretched; 4. 17/4/3 construction, 
stretched; 5. 17/4/3 construction, dual-stretched. For 
further data on these cords see Table I. 


©H. J. Philipp and C. M. Conrad, J. App. Phys. 16, 32 
(1945). 
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maintain the room at constant conditions. Some 
of the phenomena described, therefore, were due 
to temperature and drying effects combined. 

All cords tested were compared under identical 
sets of load, temperature, and humidity condi- 
tions so far as it was possible to reproduce them. 
The method of measuring elongations of the 
cords under equal fractions of their breaking 
loads and the one for determining count-strength 
products were considered no more satisfactory 
than the scheme here employed. Any basis for 
comparison of tire cord properties may be sub- 
ject to numerous criticisms because the condi- 
tions imposed on the cord in actual service are 
still largely matters of conjecture.!” 


1. Change of Rate of Elongation with Load 


While such variables as rate of loading, mois- 
ture content, and temperature have long been 
known to affect the stress-strain curves for 
cellulose yarns and cords'® little effort has been 
made to analyze these curves for various cords. 
Two cords may have the same elongation at 
some given load, but the rate of elongation with 
load may vary markedly. Figure 1 is a graphical 
representation of load vs. elongation relationships 
(tensilgrams) for the cords in groups A and B. 
The differences indicated are probably better 
demonstrated by plotting the change of rate of 
elongation at various loads, i.e., the reciprocal of 
the slope of the stress-strain curves against the 
corresponding load. The resulting curves calcu- 
lated from the tensilgrams are shown in Fig. 2. 
Some cords exhibit the major portion of their 
elongation at low loads, whereas the reverse 
appears to be true for the others. For example, 
the rayon cord does not reach its maximum rate 
of elongation until about half of the breaking 
load has been applied. This was found to be 
characteristic of all of a large number of rayon 
tire cord samples tested in this laboratory.’® 

It is interesting to note in this connection that 
although the curves for the cotton cords are 
similar in shape, it is possible, by proper con- 
struction and treatment, to alter somewhat the 
rate of elongation at various load ranges. Thus, 
the stretched cords B2 and B4 have elongation 
rates which are approximately uniform over the 
whole load range. Whether or not this charac- 


17 For an analysis of the stresses on tire fabrics, see H. F. 
Schippel, Ind. Eng. Chem. 15, 1124 (1923). 

18 See reference 13, E. Ott, pp. 1031-35; and R. Houwink, 
pp. 258-60. 

18 For an interesting explanation of this behavior of cel- 
lulosic materials, see reference 13, E. Ott, pp. 1034-35. 
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Fic. 2. Change of rate of elongation with load. Calcu- 
lated from the slopes of the tensilgrams in Fig. 1 at various 
loads. 


teristic would make them more serviceable as 
tire cords is still unknown. 

The ‘‘dual-stretching’’ treatment given cord 
BS can be controlled to produce ten-pound bone- 
dry elongations anywhere between the original 
elongation of the unstretched cord and the 
lowest value obtainable by single stretching.’® 
Elongation exceeding the low value of four per- 
cent, however, appears at stresses below one or 
two pounds. (Compare the tensilgrams for cords 
B4 and BS in Fig. ib.) This elongation at low 
loads may be useful in tire manufacturing, but its 
value in tire performance is still problematical, 
since this extra elongation is probably removed in 
manufacture and inflation of the tire. 


2. Elongation under Static Loads 


Elongation or flow curves with static loads 
have been reported by many authors for various 
types of cellulose fibers,?° but no thorough study 
of the effect of temperature on this phenomenon 
has been published. Experiments to determine 
the temperature effect may be conducted in two 
ways: (1) the cord may be heated to the higher 
temperature before the load is applied, or (2) the 
load may be applied at room temperature, and 
the elongation observed while the temperature 
increases. Both of these methods were used in 
this investigation. ; 

For these experiments, a special oven was 
constructed, a }-inch copper tube, 54 inches 


2 Reference 13, E. Ott, p. 1020; Reference 11. 
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Fic. 3. The constant temperature oven. 


A—Marker on wire. 

B—Steel scale. 

C—Frictionless pulley. 

D—Cork stopper. 

E—Small cork stopper with capillary tube. 
F—End heater of Nichrome wire. 
G—Tube heater of nichrome ribbon. 
H—Stirrup. 


long, being used as the inner chamber. (See 
Fig. 3.) The tube, covered with a thin layer of 
asbestos insulation, was heated and controlled 
electrically by a Nichrome ribbon heater wrapped 
around it. Pipe lagging and end heaters were 
added to help maintain a reproducible tempera- 
ture uniform to.1°C along the useful length of 
the tube. The temperature along the chamber 
was measured by means of a traveling thermo- 
couple which could be held taut in the tube at 
the same position as that to be occupied by the 
cord. The thermocouple junction was at first 
wrapped with single yarns of the various cords 
tested to eliminate the possibility of errors from 
radiation effects, but the difference between the 
temperatures with the thermocouple wrapped 
and unwrapped was found to be less than the one 
degree tolerance. Other thermocouples soldered 
to the outside of the copper tube at points along 
its length were used to detect any changes in 
temperature while the cord was in position. 

The cord was tied at each end to a small metal 
stirrup as shown in the insert of Fig. 3. The 
entire length of the cord was kept in the uniform 
temperature zone. Steel wires fastened to the 
stirrups led to supports beyond each end of the 
tube. The elongation (both thermal and elastic) 
of the wires was taken into consideration, but it 
was less than one percent of the cord elongation 
in ‘nearly all cases. Lengths were accurately 
measured from a marker on the left-hand wire 
by means of a Geneva cathetometer and an 
accurate steel scale. The wire at the left end 
passed over a special ‘‘frictionless’’ ball-bearing 
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I—Thermocouples soldered to copper tube. 
J—1” pipe lagging. 
K—}” inner copper tube. 
L—2” pipe lagging. 
M—Cord sample. 
N—Cotton plug. : 
O—Glass tube inlet for dry air. 
P—Brass connector. 


pulley to weights which were hung below the 
marker. 

For the series of experiments in which the tem- 
perature of the cord was raised before application 
of the load, the procedure was as follows: 
A proper length of cord from the conditioned 
spool, after being carefully tied to the two 
stirrups, was quickly pulled into the tube and 
secured at the right-hand end. The ends of the 
tube were then closed, and a 0.31-pound weight 
was hung on the movable wire. After sufficient 
time had been allowed for the temperature to 
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Fic. 4. Elongations at static loads of 1 and 7 pounds for 
cord B3 at various temperatures. (The 1-pound and the 
7-pound elongations have been plotted against time for 
each temperature. Curves have been spaced according to 
the temperature of the measurement as explained in the 
text.) 
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reach equilibrium, as previously determined with 
the traveling thermocouple, the position of the 
marker was read, and, from the calibrated length 
of the wire, the ‘‘zero”’ length and position of the 
cord were determined. A 1-pound weight was 
then suspended from the wire, and the elongation 
was observed for a period of one hour. An addi- 
tional six pounds were then added, and the 
elongation was again observed for one hour. 
This scheme of loading to 1 pound and then to 7 
pounds was adopted to permit comparison be- 
tween this experiment and the cyclic loading 
experiments described later, and also to make 
possible a calculation of the elongation obtainable 
between the 1- and 7-pound tensions. This latter 
elongation is probably of greater significance 
than the total elongation at 7 pounds, since the 
normal load on the cord in an inflated tire is 
usually at least one pound. Actually, the elonga- 
tion obtained by loading to 7 pounds directly 
differs only slightly from that obtained by the 
above method. 

A number of such runs were made at each 
temperature for several samples of each cord, 
in order to eliminate to some extent differences 
between individual samples. For the most part, 
these differences were of the order of 0.1- or 
0.2-percent elongation, but in some cases the 
range from maximum to minimum for different 
samples of the same cord was as much as 2 
percent. In these latter cases, more experiments 
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GROUP A TIRE CORDS 
20/- |i. Nylon 
2 Royon 
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4 Mercerized Cotton 
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Fic. 5. Temperature-elongation curves for 7-pound 
static load. Group A. 
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Fic. 6.. Temperature-elongation curves for 7-pound 
static load. Group B. Experimental cotton cords: 1. 
22.75/4/3 construction, unstretched; 2. 22.75/4/3 con- 
struction, stretched; 3. 17/4/3 construction, unstretched ; 
4. 17/4/3 construction, stretched; 5. 17/4/3 construction, 
dual-stretched. 


were run to give a larger number of results from 
which to compute the average elongation. © 

Figure 4 shows the results of a number of such 
measurements for cord B3 at various tempera- 
tures. In this figure, the percent elongations for 
the 1-pound load and then the 7-pound load 
have been plotted against time for each tem- 
perature. The curves have been spaced according 
to the temperature of the measurement as 
labelled so that the dotted curve connecting the 
final percent elongations shows the change of 
this elongation with temperature. Such curves 
are shown in Figs. 5 and 6 for the cords in groups 
A and B, respectively. 

These curves show interesting fundamental 
differences between the tire cords examined. 
Whereas the elongations of the commercial 
cotton samples, A3 and A4, apd of the rayon, A2, 
decrease with increasing temperature, up to 
about 100°C, the elongation of the Nylon, Al, 
increases over the entire range to a value at 160°, 
which is more than double that at 30° with the 
same load. The curves for the experimental cords 
in group B also show differences which may be 
ascribed to differences in structure or treatment 
of the cords. The unstretched cords, B1 and B3, 
exhibit temperature elongation characteristics 
essentially similar to those of the commercial 
cotton cords in group A. Sample B1 has a lower 
elongation than B3, probably because there is a 
lower angle of twist in the B1 cord. (See Table I.) 
The stretching treatment, which reduces the 
elongation and gage of the cord, changes the 
shape of the elongation-temperature curves. 
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Fic. 7. Temperature-‘‘net’’ elongation curves for tire 
cords of Group B. Net elongations were obtained by sub- 


. tracting the 1-pound elongations from the 7-pound values. 


Thus, B2 and B4 show flat curves in which the 
temperature effect is considerably reduced. In 
fact, B4 actually increases in elongation with 
rising temperature over the lower part of the 
range. This unusual effect was checked by re- 
peating the experiments at each temperature 
several more times than was customary with the 
other cords to make certain that this result was 
not due to differences between individual samples 
of cord. The elongation and slope of the single- 
stretched cord are restored somewhat by the 
dual-stretching treatment as shown by the 
curve for BS. 

The 1-pound elongations shown in Fig. 4 are 
practically unaffected by temperature; this was 
also found to be the case, within rather narrow 
limits, of all the cords tested, with the exception 
of the Nylon, Al, and the dual-stretched experi- 
mental cord, B5. Both the 1-pound and the 
7-pound elongations of Nylon increased with tem- 
perature in a continuous manner; so the resultant 
obtained by subtracting the 1-pound value from 
the 7-pound extension also showed an increase 
with temperature. In the case of the dual- 
stretched cord, the 1-pound elongations decreased 
with increasing temperature almost as rapidly 
as the 7-pound elongations. The resultant stretch, 
due to the additional six pounds of load, was 
approximately the same over the entire tem- 
perature range. This is shown in Fig. 7 in which 
the resultant or ‘‘net’’ elongation obtained be- 
tween the 1- and 7-pound loads is plotted against 
the temperature for the experimental cords. All 
of the stretched cords exhibit nearly constant net 
elongations over the entire temperature range 
studied. It appears, therefore, that one result of 
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the stretching treatment for cotton cords is to 
reduce the effect of temperature on static elonga- 
tions observed after the initial low-load stretch 
has been taken out. 

The tubular oven described above was also 
used for determining the change of elongation 
with increasing temperature. A schedule for 
periodically adjusting the heater control was 
worked out empirically so the temperature of 
the cord was elevated at a uniform rate. This 
procedure was checked several times with the 
traveling thermocouple and found to give satisfac- 
tory reproducibility. A time-temperature curve 
(approximately a straight line) was plotted; this 
served as a calibration curve from which the 


. temperature could be determined fairly accu- 


rately from the time of heating. 

The cord to be tested was placed in the tube 
at room temperature and the load was applied 
immediately. When an equilibrium elongation 
had been reached (30 to 90 minutes were re- 
quired, depending upon the load and the charac- 
teristics of the cord) heating was begun; the 
additional elongation was measured at intervals 
during the 90 minutes required for the tem- 
perature to reach 200°C. Temperature-elonga- 
tion curves were thus obtained for tensions 
of 0.13, 1.0, 2.4, 4, and 7 pounds. These are 
shown for the commercial tire cords in Figs. 8-11. 
A sufficient number of duplicate experiments 
were run with various loads to show that the 
single curves traced in these figures illustrate 
typical differences between the cords tested. The 
rayon and cotton cords broke with the 7-pound 
load before the maximum temperature of the 
runs was reached. 

Striking differences between Nylon and the 
cellulose cords (including rayon) are brought 
out in this comparison. Whereas the latter show 
appreciable increases in elongation with rising 
temperature, the Nylon seems to maintain its 
length over a rather wide temperature range for 
loads between one and seven pounds. The cellu- 
lose cords also differ from the Nylon in that the 
7-pound curves are in all cases below some or all 
of the curves for lower tensions. In fact, even 
the cotton cords do not behave alike, since the 
tension that gives the highest elongation curve 
varies with each cord. 

In connection with these results, it is of interest 
to note the differences in moisture contents of 
the conditioned commercial cords as tabulated 
in Table I. The rayon, which had the highest 
moisture content (14.5 percent), exhibited the 
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Fics. 8, 9, 10, 11. Change in elongation of Group A tire cords at various loads as the temperature is raised. 
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greatest change in elongation with rising tem- 
perature for the range 50°-100°C except at the 
lowest load of 0.13 Ib. Nylon, with the lowest 
mgisture content (4.0 percent), showed the least 
change, and the cotton cords, with moisture 


contents of 7.8 percent to 9.4 percent, fitted in 
between these extremes. As will be shown in 
Section 5 of this paper, it is in the range of 
50°-100°C that the cord probably undergoes its 
maximum change in moisture content. Since 
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Fic. 12. Change in elongation for cords B3, B4, and B5 at various loads as the temperature is raised. 


Equilibrium Elongations at 25° C. 





Load B3 
0.13 pound 0.007% 
2.4 pounds 5.23 
7.0 pounds 11.12 


B4 BS . 
0.022% 0.042% 
2.93 6.12 
6.02 9.52 





moisture of the sample is known to influence 
greatly the elongation and strength of cellulosic 
textiles, it is not surprising that the greatest 
change in elongation should occur in the tem- 
perature region just below 100°C. Above 100°C, 
when the cord has lost most of its moisture, the 
slope of the curve levels off somewhat, as shown 
by Figs. 9 to 12. 

In view of these observations, a set of similar 
curves was prepared for each of the experimental 
cotton cords of 17/4/3 construction (B3, B4, B5) 
to determine what effect the stretching treatment 
had on their behavior, since these three cords 
had approximately equal moisture contents. Fig- 
ure 12 shows the results of these tests made with 
tensions of 0.13, 2.4, and 7 pounds. The stretch- 
ing treatment seems to be effective in changing 
the relative positions of the curves. The 0.13- 
pound curve, for example, is shifted upward by 
the treatment, whereas the 7-pound curve is in 
approximately the same position for all three 
cords. Stretching the untreated cord once appears 
to make the effect of temperature on elongation 
less dependent on load, as ingicated by the 
curves for B4. The dual-stretching treatment 
seems to reverse the load effect; that is, the 
highest curve is for the lowest load, and con- 
versely the lowest curve is for the highest 
(7-pound) load. 


3. Elongation with Cyclic Loads 


There are indications that the behavior of the 
cord under cyclic loadings is entirely different 
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from that under static loading.” For this reason, 
a study of the elastic properties of tire cords 
under alternating high and low loads has been 
undertaken in this laboratory, and some pre- 
liminary results are presented here to indicate 
the direction of the results being obtained in 
this work. 

It is well known that when tension is applied 
to a cord elongation takes place, and that when 
the tension is removed or decreased there is only 
a partial return toward the original length.” If 
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Fic. 13. Growth and recovery of tire cords with 
cyclic loading treatment. 


2S. G. Barker and N. Tunstall, Trans. Faraday Soc. 25, 
103 (1929). ° 

72 Numerous workers have studied this process, and — 
various explanations and mechanical analogies have been 
used to account for the phenomena observed in this con- 
nection. See reference 13, for examples. 
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TABLE IT. Percent elongations for cyclic loading (0.06 Ib. load equivalent to “0” elongation). 








No. of A-2 Rayon 





Bin. of A-3 Cotton B-2 Stretched Cotton 
cycle 1 Ib. 7 Ib. AE 1 Ib. 7 Ib. AE ilb. 7 Ib. AE 
1 1.37 10.06 8.69 3.27 10.08 6.81 2.32 6.32 4.00 
2 6.66 10.25 3.59 7.34 10.21 2.87 4.01 6.37 2.36 
3 7.10 10.39 3.29 7.72 10.29 2.57 4.36 . 6.41 2.05 
4 7.33 10.48 3.15 7.90 10.36 2.46 4.45 6.43 1.98 
5 7.50 10.55 3.05 8.06 10.42 2.36 4.51 6.45 1.94 
6 7.63 10.60 2.97 8.19 10.44 2.25 ‘4.57 6.48 1.91 
7 7.73 10°66 2.93 8.26 10.46 2.20 4.61 6.49 1.88 
8 7.81 10.72 2.91 8.32 10.50 2.18 4.64 6.50 1.86 
9 7.90 10.74 2.84 8.37 10.51 2.14 4.67 6.50 1.83 
10 7.96 10.76 2.80 8.42 10.53 2.11 4.70 6.52 1.82 
11 8.03 8.46 4.72 








the load is reapplied, ,elongation again takes 
place but not to the same extent as before. The 
recovery, likewise, is modified by the previous 
application of tension so that the elongation 
curve for the second cycle is not like the first. 
This trend continues in additional cycles; that 
is, the cord “‘grows.”” The rate of growth of a 
cord subjected to such tension cycles should bear 
some relation to the long-time behavior of the 
cord in a tire. Furthermore, temperature should 
have some considerable effect on this rate. 

In a preliminary investigation in which the 
cycle time was twenty minutes, two cotton 
cords (A3 and B2) and the rayon cord (A2) were 
each subjected to ten tension cycles with alter- 
nate loads of one pound and seven pounds. 
During the experiment, the cord was kept in 
the tubular oven already described. A typical 
series of curves for rayon at room temperature 
is shown in Fig. 13. At the end of the tenth 
cycle, the load was decreased to one pound for 
ten minutes as before. After this mechanical 
conditioning, the load was decreased again, this 
time to 0.06 pound, and with this load the re- 
covery was obseived over a period of about 24 
hours. Plotting the elongation during recovery, 
based on the original length of the cord, against 
the logarithm of the time gave a straight line 
with a characteristic slope as shown in the right- 
hand part of Fig. 13. 

Percent elongations for the end of each ten- 
minute half-cycle for the high and low loads, 
and the differences between -these two values 
(AE) for each cycle are tabulated in Table II. 
The second column under’ each type of cord 
shows the elongation with the 7-pound load at 
the end of each cycle. A steady increase in these 
values illustrates how the cord grows in length 
during the repeated cycles. Although the rate of 
growth became smaller with each additional 
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cycle, the rayon still exhibited measurable growth 
after twenty cycles at room temperature. The 
tabulated data show that the rate of growth for 
the cotton cords studied was less than that 
for rayon. 

The third column under each type of cord in 
Table II shows the extra elongation, AE, ob- 
tained by the addition of six pounds of tension 
during the cycle. The magnitude of AE is seen 
to decrease with each cycle so that, at the end 
of the tenth cycle, the AE for a 6-pound increase 
is only about one-third that obtained in the first 
cycle. Such a decrease in elasticity may also 
occur in the tire and thus reduce the available 
elongation in the cord. If this is the case, the 
usefulness of the simple measurement of elonga- 
tion from a tensilgram in predicting elongation 
behavior in, a tire is questionable. 

Recovery curves after ten-cycle mechanical 
conditioning treatments are also shown in Fig. 13 
(right-hand part) for the two cotton cords 
studied, A3 and B2. The slopes of the recovery 
curves, or the logarithmic rate of recovery for 
these cotton cords, are approximately equal and 
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_ Fic, 14. Consecutive minimum and maximum elonga- 
tions for 1- and 7-pound loading cycles with rayon for ten 
cycles at various temperatures. 
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Fic. 15. Hysteresis loops for tire cords A2 and A3 with 
twenty-minute cycles. Order of loops: ------ first, ——— 
second, ——-— third. 


only about one-half of the corresponding slope 


for rayon. 

Similar series of ten cycles were run with 
rayon at elevated temperatures. The envelopes 
of the curves for these series, similar to that 
indicated by the dotted lines in Fig. 13, were 
prepared from data obtained at temperatures of 
25°, 50°, 73°, 90°, and 110°C and are represented 
in Fig. 14. These envelopes illustrate the pro- 
found effect that temperature and accompanying 
changes in the textile substance have on the 
behavior of rayon cord under cyclic stresses. 
The rapid drop in the elongation between 50° 
and 90°C is undoubtedly associated with the 
decrease in equilibrium moisture content of the 
rayon as the temperature is raised. Above 90°C 
the elongation, AE, and cord growth, as illus- 
trated by the upward slope of the envelope, 
appear to increase again, as one might expect 
from the greater tendency of the rayon filament 
to exhibit flow properties at higher temperatures. 


4. Hysteresis 


When the tension on a cord is progressively 
increased to a maximum and then lowered again, 
the elongation for a given load differs, depending 
upon whether the tension is increasing or de- 
creasing. This is illustrated by Fig. 15, in which 
are plotted three complete cycles for a cotton 
(A3) and a rayon (A2) cord. After the cord had 
been put through several cycles, the loop ob- 
tairied from the observed data was essentially 
closed. The areas within the loops correspond to 
the energy loss or hysteresis due to the imperfect 
elasticity of the cord. This phenomenon of elastic 
hysteresis, which has been reported upon for 
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textile fibers by a number of experimenters,” 
was investigated by us for some of the tire cord 
samples herein described: 

The apparatus used for measuring hysteresis is 
schematically depicted in Fig. 16. A calibrated 
spring D served to give the necessary tension to 
the cord at various points in the cycle as the 
motor-driven eccentric E gradually increased the 
pull on the cord C and released it again. A two- 
meter length of the cord was used and was 
fastened to the wire leaders by means -of the 
stirrups T described earlier. Two pointers M on 
the wires passed in front of two 23-cm scales S 
in such a way that the position of the upper 
one gave the elongation of the spring, which 
could be converted to load; the difference be- 
tween the positions of the two pointers permitted 
calculation of the elongation of the cord. Simul- 
taneous positions of the pointers were recorded 
by means of a 16-mm moving-picture camera 
which had a maximum speed of 64 frames per 
second. Thus, sufficient points could be obtained 
with a one-second cycle to permit plotting a 
fairly good hysteresis loop. 

Hysteresis curves for four tire cords were 
obtained under three sets of cycle conditions 
(load and time) at room temperature of 25°C 
and a relative humidity of approximately 50 
percent. The results are depicted in Fig. 17. To 
ensure an essentially closed loop, each cord was 
put through the cycle approximately 50 to 100 
times before a record was made. The plotted 
hysteresis loops were integrated graphically with 
a planimeter, and elastic moduli were calculated 
from the over-all slopes of the curves. The 
hysteresis values expressed as calories of heat 
generated per centimeter length of cord are 
tabulated with the elastic moduli in Table ITI. 

The hysteresis values for these cords have 
been compared over similar load ranges. They 





Fic. 16. Schematic diagram of apparatus for measuring 
hysteresis of tire cords. 


P—Frictionless pulleys M—Pair of markers on wire 
C—Cord sample A—Meter scale 

T—Stirrups ° B—Clamp 

H—Stirrup stops D—Spring 

S—Millimeter scales E—Motor-driven geared eccentric 


**W.S. Denham and T. Lonsdale, Trans. Faraday Soc. 
29, 305 (1933). 
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TABLE III. Cyclic loading behavior for tire cords at room temperature. 








A-2 


A-3 





B-2 
Rayon Cotton Unstretched cotton Stretched cotton 
Elastic Elastic Elastic Elastic 
modulus Hysteresis modulus Hysteresis modulus. Hysteresis modulus Hysteresis 
Cycle conditions dynes/cm? cal./cm dynes/cm? cal./cm dynes/cm? cal/cm dynes/cm? cal./cem 
7 sec./cycle, 2.0 to 
4.4 Ibs. 54X10" 12107 2.7X10" 17107 3.6X 10" °13x107 5.5X10" 9x107 
7 sec./cycle, 5.0 to ’ 
11.1 Ibs. 7.9X10" 39x107 5.4X10" 36107 7.5X10" 13107 8.610" 221077 
1 sec./cycle, 5.0 to 
10.9 Ibs. 8.310" 23107 5.8X10" 43107 8.010" 18107 9.3X 10” 21X10-, 








might also have been compared for ranges of 
equal elongation. Actually, in the tire the cycle 
conditions probably vary so that neither the 
load nor the elongation ranges are constant. 
The comparison of hysteresis losses of cotton 
and rayon, for example, over the same load 
increment may not be valid because under equal 
service conditions the individual rayon cord may 
not be subjected to an equally high load, hence 
the hysteresis loop might be smaller. 

Experience demonstrated that many improve- 
ments could be made in the apparatus used for 
hysteresis measurements. The mass of the mov- 
ing system was too great to permit unhindered 
recovery of the cord during the second half of 
the. cycle. The motor speed was not constant 
throughout the cycle; so a slightly longer time 
was required during the loading portion than 
during the unloading portion. These and other 
difficulties are being corrected in a new apparatus 
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Fic. 17. Hysteresis loops for tire cords. 
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now being assembled for the purpose of obtaining 
better data on cyclic loading of tire cords at 
various temperatures, moisture contents, and 
load ranges. 


5. Effect of Moisture Content 


It was pointed out earlier that some of the 
elasticity phenomena herein described are prob- 
ably related, at least in part, to the moisture 
content of the tire cord. In order to determine 
the influence of this factor, some of the experi- 
ments were repeated on cords which had been 
dried and were maintained in a dry condition 
during the test period. 

The drying was accomplished by the use of a 
second tubular oven similar to that described in 
connection with Fig. 3. The length of cord was 
placed inside a long glass tube which was then 
slipped into the oven heated to approximately 
105°C. A slow stream of air from a drying train 
was passed through the glass tube for an hour. 
The glass tube containing the dry cord was then 
quickly transferred to the test oven and slipped 
out again, leaving the cord in the test chamber. 
The air passing into the test oven through the 
tube O, Fig. 3, was preheated to the temperature 
of the experiment so that the temperature equi- 
librium of the constant-temperature zone would 
not be disturbed by the introduction of the dry 
air. In this way, the predried cord was transferred 
to the test chamber without exposure to room 
air and was kept dry during the period of the 
experiment. 

Measurements were made on an untreated 
cotton cord (B3), because the effects observed 
for this cord in undried condition were fairly 
large. Final elongations with a load of 1 pound 
for 1 hour followed by a load of 7 pounds for 
1 hour were measured over the temperature range 
as described in Section 2 above. The results of 
these experiments are shown in the lower, solid 
curve of Fig. 18. A similar curve taken from Fig. 6 
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Fic. 18. Temperature-elongation curves for B3 with 
7-pound static load. Dotted curve—cord initially con- 
ditioned ; Solid curve—cord dried and kept dry. 


for the undried cord is included in this figure for 
comparison. 

On the basis of these results, one would be led 
to the conclusion that the decrease in elongation 
observed with increasing temperature (Figs. 5 
and 6) is due to the concomitant decrease in 
moisture content of the cord. This conclusion is 
supported by the fact that both the dried and 
undried B3 cords have the same elongation at 
high temperatures when the moisture content in 
the undried cord approaches that of the dried 
cord. To confirm this view, an estimation of the 
moisture content of the cord at various tempera- 
tures in the experimental oven was made by a 
method of approximations, using psychrometric 
tables and the equilibrium moisture data for raw 
cotton published by Wiegerink.* The moisture 
contents and the differences between the static 
elongations of the dried and undried cords as 
determined from Fig. 18 are plotted against 
temperature in Fig. 19. Although these curves 
do not have identical shapes, probably due to 
inaccuracies in the elongation measurements and 
in the moisture estimations, they do have the 
same general negative slope. The ratio of mois- 
ture content to the difference in elongation at 
the various temperatures was found to be ap- 
proximately constant, indicating good correlation 
between the two variables. Therefore, there is 
evidence that static elongation as measured in 
these experiments is a function of moisture 
content and of temperature. 

The change of elongation with increasing tem- 
perature was investigated for the dried cord 
(B3) in another experiment to determine the 


* J. G. Wiegerink, J. Research Nat. Bur. Stand. 24, 645 
(1940). 
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effect of drying. The drying procedure described 
above and the elongation measurement outlined 
in the latter portion of Section 2 were followed. 
Figure 20 shows the elongations obtained as the 
temperature was elevated with loads between 
0.13 and 7 pounds. A curve from Fig. 12 for the 
undried cord with a 2.4-pound load is included 
for comparison and orientation. 

It is interesting to note that the elongation- 
temperature curve for the dried cord at tempera- 
tures above 50° is a straight line with any load 
between 1 and 7 pounds, and that the slope of 
this curve increases with load in a regular 
manner. This behavior suggests a thermal ex- 
pansion coefficient which is a function of the 
load applied, but definite proof of this would 
require additional investigation. 


IV. DISCUSSION 


The experiments on the elastic properties of 
tire cords which have been described are only 
“in vitro” tests of cords outside of the tire in 
which they are expected to*perform certain vital 
functions. In the ultimate analysis, the only 
satisfactory test of a tire cord is an ‘in vivo"’ 
test in actual service in the tire. Except for a 
limited number of :properties, such as breaking 
load, elongation, and possibly fatigue life, the 
correlation of laboratory tests with tire service 
must be made by a logical or deliberative attempt 
to visualize the part that the tire cord plays in 
its contribution to the serviceability of the tire. 

A consideration of the rate of change of elonga- 
tion with load, for example, would lead one to 
conclude that the best tire cord with respect to 
this property would be one with a rather low 
rate at low loads and a high rate at high loads. 
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Fic. 19. Relation of temperature to moisture content and 
to difference between the curves shown in Fig. 18. 
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The tire made of such a cord should retain its 
shape under ordinary conditions and yet be able 
to withstand great impacts without cord rupture 
and subsequent blowouts. 

In the tire, the cord is encased in rubber; so 
that its moisture equilibrium with the surround- 
ings, may be altogether different from that 
experienced in free air. If the temperature is 
elevated, some of the moisture sorbed by the 
cord may be lost to the rubber, but a large part 
of it will probably be retained by the cord. 
Using a special technique for minimizing or 
eliminating moisture exchange between the cord 
and the atmosphere, the authors have made 
determinations of the moisture of cotton tire 
cords in a tire which had been run over 17,000 
miles under the destructive conditions of the 
Army Ordnance test at Camp Normoyle, Texas,”® 
and have found a moisture content of 4.5 percent. 
Since the elastic properties of a cord depend 
somewhat on its moisture content and since this 
content may be very low at 150°C in the tire, 
the behavior of the cord in service at high tem- 
peratures may be very unlike that observed in a 
laboratory test under atmospheric conditions. 

The tire cord in the experimental oven de- 
scribed in Section 2 was subjected to temperature 
and humidity conditions somewhat analogous to 
the cord in the tire. Here the cord was kept in 
an enclosed tube in which the moisture lost by 
the cord because of increasing temperature 
tended to raise the humidity of the air in the 
tube, which in turn tended to maintain the 
moisture in the cord. For this reason, we believe 
the results described in Sections 2 and 3 have 
special significance with regard to the behavior 
of cord in the tire. The change of elongation with 
temperature as measured in the latter part of 
Section 2, for example, is a phenomenon which 
undoubtedly occurs when the inflated tire, con- 
taining cords under tension, is run under such 
conditions that the temperature of the cord is 
considerably increased. The tension on the cord 
also changes; so the conditions imposed upon the 
cord include varying loads and varying ‘tem- 
peratures. 

The elastic behavior of a tire cord is the net 
result of a multiplicity of factors, many of which 
are difficult to investigate. Elongation of a given 
cord is not merely a function of load, tempera- 


25 B. J. Lemon-and J. J. Robson, India Rubber World, 
109, 463 and 582 (1944). 
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Fic. 20. Change in elongation of dry cord B3 as the 
temperature is raised. The dotted curve is for the same 
cord initially conditioned and was taken from Fig. 12. 


ture, and moisture content, but depends also 
upon the element. of time and upon the complete 
history of the cord. Further investigation of these 
factors should give scientific information that 
will be of value in the manufacture of better 
fabrics and in the preparation of more complete 
specifications for tire cords than have been set 
up in the past. 


V. SUMMARY 


The elastic properties of four commercial and 
five experimental tire cords have been compared 
over wide ranges of loads, temperatures, and 
moisture contents. The effect of temperature on 
elongations with various static loads has been 
investigated, and the influence of moisture con- 
tent on the results has been pointed out. The 
partial recovery and growth of rayon and cotton 
cords subjected to cyclic loadings have been 
compared. A hysteresis test has been described 
in which the energy loss per cycle of loading and 
unloading may be calculated. The results of these 
tests have given considerable information con- 
cerning the possible behavior of the tire cord in 
the tire and should aid in setting up more com- 
plete criteria of the essential elastic requirements 
of a better tire cord. 
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On the Distribution of Current along Asymmetrical Antennas 
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In Part I a theoretical discussion is presented concerning the distribution of current along a 
grounded vertical antenna which is driven at an arbitrary point. In Part II the problem of the 


asymmetrical dipole is formulated. 





GENERAL INTRODUCTION 


HIS paper is presented in two parts. Of these 

the first is concerned with the question of 

the current distribution along a grounded vertical 

radiator which is located over a perfectly con- 

ducting plane earth of infinite extent. In the 

second part, a brief analysis is given relative to 

the distribution of current along an isolated 
asymmetrical dipole. 


: PART I 
Problem of the Grounded Vertical Radiator? 


Numerous articles have appeared in the litera- 
ture dealing with the current distribution along 
base-driven vertical radiators.'~? Now in practice 


*Now assigned to the Combined Research Group, 
U.S. Naval Research Laboratory, Washington, D. C. 

t Readers may be interested in the following papers: 
“On the calculation of the impedance pro pate of para- 
sitic antenna arrays involving elements of finite radius,” 
{. Am. Soc. Naval Eng., May, 1945. “Mutual and Self- 

mpedance for Colinear Antennas” accepted for publica- 

tion’ in the Proc. I.R.E, “A theory for three-element 
broadside arrays,’’ submitted for publication in Proc. 
I.R.E. “Symmetrical antenna arrays,”’ not yet presented 
for publication. 

. Hallén, ‘Theoretical Investigations into the Trans- 
mitting and Receiving Qualities of Antennas,’ Nova Acta 
Upsalienses [4], 11, 3-44 (1938). 

*L. V. King, “On the Radiation Field of a Perfectly 
Conducting Base-Insulated Cylindrical Antenna Over a 
Perfectly Contuction Plane Earth, and the Calculation 
of Radiation Resistance and Reactance, * Phil. Trans. 
Roy. Soc. (London) 236, 381-422 (November 2, 1937). 

*Léon Brillouin, “The Afitenna Problem,” Quart 
App. Math. 1, 201-214 (1943). 

Léon Brillouin, ‘Antennae for Ultra-High Frequencies,” 
Elec. Communication 21, 257-281 (1944). 

Léon Brillouin, “Antennae for Ultra-High Frequencies,” 
Elec. Communication 22, 11-39 (1944). 

*Ronold King and F. G. Blake, Jr., ““The Self-Im- 
pedance of a Symmetrical Antenna,” Proc. I.R.E. 30 
335-348 (1942). 


5 Charles W. Harrison, Jr., ‘The Radiation Field of 


Long Wires, with Application to Vee Antennas,”’ J. App. 
Phys. 14, 537-544 (1943). 
* Ronold King and Charles W. Harrison, Jr., “The Dis- 


tribution of Current Along a Symmetrical Center-Driven 
Antenna,” Proc. 1.R.E. 31, 548-567 (1943). 

7 Ronold King and Charles W. Harrison, Jr., ““The Im- 
pedance of Short, Long, and Capacitively Loaded An- 
tennas with a Critical Discussion of the Antenna Problem,” 
J. App. Phys. 15, 170-185 (1944). 
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it is difficult to locate the driving generator 
precisely at the base of the structure as this 
theory presupposes, but instead it may be situ- 
ated some distance from ground. Figure 1 is 
intended to illustrate the point in mind. Here the 
antenna (and its image) lies along the z-axis of 
a system of cylindrical coordinates 7, 6, and z. 
The earth plane is at z=0; the generator is 
oriented at z=s; and the free end of the antenna 
is defined by z=s+A. Although a wire of constant 
radius is pictured, the radius of the wire in the 
interval 0Ss=s is taken as a,, and in the 
interval sSz=s+h as ay. 

Electromagnetically, an antenna operated over 
a perfectly conducting earth is equivalent to the 
actual antenna and a second antenna so placed 
with respect to the first and the earth plane 
between them, that one is the geometrical image 
of the other when reflected in the plane. “Both 
antennas are in empty space, and the plane 
between them has only mathematical reality. 
The same current amplitude distribution obtains 
in the two, but their time phases differ by one- 
half period. Applied to the present problem, one 
must analyze an tsolated antenna driven at two 
points by identical generators, maintaining equal 
voltages in the same time phase across the input 
terminals. Additionally, a certain symmetry con- 
dition is imposed on the total current flowing in 
the antenna. It is 


I(z)=1(—2). (1) 


(Hereafter the term ‘‘antenna’”’ refers to the 
actual radiator and its image, viz., a system 
extending over the range —(s+h)S2S(s+h).) 

Let it be assumed that the antenna is of 
infinite conductivity. This supposition is a good 
approximation in practice, as very little power 
transferred into a well constructed antenna is 
consumed in heat. Then the continuity of the 
tangential component of electric field at the sur- 
face of the antenna leads directly to te differ- 
ential equation 


aA (z)/d2*+6°A (z) =0. (2) 
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Here A(z) is the total vector potential on the 
surface of the antenna (r=a, when s=z=(s+A) 
or —s=z=—(s+h) and r=a, when —s=zSs). 


B=2n/d, (3) 


where J is the wave-length. 


Let intervals be defined for the antenna as 
follows: ; 


Interval (1) sSzS(s+h), (4a) 
Interval (2) OSs55, (4b) 
Interval (3) 0=2=-s, (4c) 
Interval (4) —s=s= —(s+h). (4d) 


Subject to (4), the complete solution of (2) 
may be written 


Interval (1) 


A(z)=—-{C, cos 6z+ C2 sin Bz}, (5a) 
Interval (2) : 

A(z) apne cos 6z+C,sin Bz}, (5b) 
Interval (3) : 

hia cos 8z+C, sin Bz}, (5c) 
Interval (4) , 

dea in cos 82+ Cs sin 83}. (5d) 


c 
The following notation is used: 


c=1/(II1A)'=3 X10 meters per second, (6) 


Il =4rX10~ henry per meter, (7) 
A=8.85X10-® farad per meter, (8) 
C,:--Cs are arbitrary constants. 


The constants involved in (5) may be evalu- 
ated by employing the following boundary con- 
ditions: . 

(a) The discontinuity in scalar potential at 
the driving point (z=s) equals the externally 
applied voltage V,°. That is 








V.c=Limit{ @ — © }, (9) 
me Int. (1) Int. (2) 
where 
je?{dA(z) 
-~| ’ (10a) 
Int. (1) Ww Oz Int. (1) 
je?{aA(z) 
=— . (10b) 
Int. (2) @ OZ Jint. (2) 
w=2nrf=cB. (10c) 
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Fic. 1. Isolated antenna with two-generator drive. 


(b) There is no discontinuity in scalar poten- 
tial at the earth plane (z=0). Thus 





O=Limit{ ® — @ }, (11a) 
ue Int. (2) Int. (3) 
je {0A (z) 
Pm ad (11b) 
Int. (3) Ww | Oz Int. (3) ' 


(c) The total vector potential A(z), like the 
total current J(z), satisfies the symmetry con- 
dition 

A(z) =A(—2). (12) 

(d) The total current J(z) is continuous across 
the driving point, thus insuring continuity of the 
vector potential A(z) across the same point. (It is 
worth noting that the converse of this statement 
is not necessarily true.) ; 

(e) The total current J(z) vanishes at z=s-+h. 
Applying (a) at the drive point z=s, 


V.2= —(Ci—Cs) sin Bs +(C2—C,) cos Bs. (13) 
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Applying (b) at the plane of symmetry (z=0), Ci= Ci, (16a) 


Ci= Ce. (14) C:= —Cs, (16b) 
Applying (c), ” Gut (16c) 
(Ci —C;) cos B2+(C2+Cs) sin Bs=0, (15a) Cu=—Cy. (16d) 


and 


(Cs— Cy) cos Bs-+(Ci+C,) sin 6s=0. (15b) One now observes that (14) and (16d) require 




















Since cos 6z and sin 8z are linearly independent ComCe=O. (17) 
functions, it follows that Equation (5) may now be rewritten in the form 
wag ’ 
Interval (1) A(z)=——{C; cos 8z+C:z sin Bz}, (18a) 
Cc . 
—j{ V.°+Ci sin Bs — C2 cos Bs 
Interval (2) A(z) -—| cos £2, (18b) 
c sin Bs 
—j{V.°+C, sin Bs — C2 cos Bs 
Interval (3) A(s)=— cos 83, (18c) 
Cc sin Bs 
-—% , 
Interval (4) A(zs)=——{C, cos Bs— Cy sin 82}; (18d) 
: - 
or in short hand, 
mpl , , 
A(z) =——|C; cos 8z+C; sin 8/2} }, (19a) 
c 
for intervals (1) and (4); 
—j{V.°+Ci sin Bs — C2 cos Bs 
A(z)= =| cos Bz, (19b) 
c sin Bs 


for intervals (2) and (3). (The constants C; and C2 remain to be evaluated from boundary conditions 
(d) and (e).) 


The vector potential at any point on the surface of the antenna is given by 





A(z)=— 


II exp (— jBR,, «) 
f I(2’) dz’, (20) 
T Ri, 8 


where the integration is to be carried out over the entire antenna length. 
In (20), I(z’) is the complex current flowing in the element dz’. R,,, is the distance from the point 
(a,,., 9, 2) where the vector potential is computed to the element dz’. That is 


R,=((z—2’)?+<a,7)' for intervals (1) and (4), (21a) 
R,=((z—2’)?+a,?)' for intervals (2) and (3). (21b) 
If sSzSs+h or —s=z=—(s+h), one may equate (20) to (19a). Thus 


2 exp (— jBR,) ve exp (— jB6R,) —_ exp (— j8R,) 
f ith nal a f I(e)— ra: f Py nl a cae 
—(s+h) Ri = R, +8 Ri 








4a 
= “te cos 8z+C2sin B\z|}. (22a) 


c 


Similarly, when —sSzsss, 
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te xp (—jBR, +e xp (—jBR, oth exp (—jBR, 
f I(2’)- : ‘as'+ f I(2’)- : = ‘ae'+ f T(z’) ai ‘as 


(s+h) 8 —8 8 8 


V.°+C;, sin Bs — C2 cos Bs 





= —j— cos 832. 


R. sin Bs 
In (22) 


R.= (I1/A)!=376.7 ohms ~ 1202 ohms. 


(22b) 


(23) 


As far as the writer knows, no methods exist for obtaining exact solutions to simultaneous integral 
equations of the type occurring here. It is assumed, however, that approximate results are available 
by first expanding as in previous papers,® * and second, by introducing a suitable subterfuge to take 
cognizance of the rather obvious fact that the second and third integrals in (22) play a comparable 
role when it comes to finding the current in the vicinity of z=s. Proceeding then, as in other papers, 


(22a) and the following equation are identities: 


I(z)=— 








7 1 1 sth T(z')e—168 — T(z) 
(Ci cos B2+ C2 sin B|2|} ——I(z)fx(z) -—— f 


dz 
2,R. Q) Oo; R 


e iBR 1 +s e jBR 
-—f- I(2’)——dz’ -— f I(z')——d2’. 
(s+h) R Q R 


h V—s 


Similarly, (22b) may be rewritten in the form 








— j4x( V.°+C, sin Bs — C2 cos Bs 1 1 ts I(2' ein — I(z) 
I(z)- | cos Bz ——I(z) f.(s) —— f dz’ 
Q.R, : sin Bs Q, a= R 
1 —s eiBR sth eiBR 
-— I(2’ — a -— f I(a') a. 
Q, A_(s+h) R 
The following notation is used: 
Q,=In 2h/a,, 
2,=In 4s/a,, 


R,~R,=R=|2-2'|, 
[(s+h—z)?+a,?]}'+(s+h—z) 
[(s—z)?+a,2]'+(s—z) | 

[(s—z)?+a,? ]'+(s—z) 

[(s+2)?+a,?}!—(s+z) 

Upon introducing the fact that the current vanishes at z=(s+h), 

jar 
Re 





fa(2) =In (ap/ 21)| 





f.(z) =In (a,/4s) | 





I(z)= {C:(cos Bz—cos 6(s+h))+C2(sin B|2| —sin B(s+h))} -—Te\f 


1 sth I(z’)e—i8® — I(z) 1 sth exp (— jBR 1) dias 
oes as'+— f I(z) wf I(z’ a 
(s+h) 


Q), e R Q, 














(24a) 


(24b) 


» (25) 


(26) 
(27) 


(28) 


(29) 


we exp (— j8R:) we e~ibR ve exp (— j8R) 
i f ps thal f I(s’)——ds' — f I(2’)— as} (30) 
(s+h) R R 


1 Ss 8 R, 


§ Ronold King and Charles W. Harrison, Jr., “‘ Mutual and Self-[mpedance for Coupled Antennas,”’ J. App. Phys. 15, 
t 


481-495 (1944). 
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where 


R, = |sth—32'|. 


One selects 
— jar 





(1(z))ot = (1(—2z))o} = | Ci(cos Bz—cos B(s+h))+C2(sin B|2z| —sin B(s+h))}, 


htc 


(31) 


(32a) 


to represent the zeroth-order approximation for the distribution of current within intervals (1) and 


(4), and 


(1(z))o{ = (1(—2))o} = 


— j4r| V.*+C, sin Bs — C2 cos B, 





“8 ¢e 


to represent the zeroth-order approximation for 
the distribution of current within intervals (2) 
and (3). Subject to certain limitations, these 
expressions may be employed in (24b) and (30) 
for the purpose of computing a first-order cor- 
rection to the current J(z). Referring to (30), it 
is evident that (32a) should be used in the term 
involving f,(z), and in the following four in- 
tegrals. Similarly in (24b), (32b) should be sub- 
stituted in the term involving f,(z), and in the 
following integral. However, it cannot be main- 
tained that it is a legitimate procedure to 
substitute (32a) in the last two integrals of 
(24b), nor can (32b) be substituted. in thé last 
two integrals of (30). If this substitution is made, 
no integral having the coefficient 1/2,Q, is 
assigned its proper significance in the analysis. 
To circumvent this difficulty, it is convenient to 
make the reasonably good approximation that 
the force on charge within interval (2), caused by 
the presence of charge within interval (1) may 
be correctly represented by assuming a current 
of the form 


[7(2’) i =(1(-2’) J} 
= Imax sin B(s+h—|2'}), 
to prevail within interval (1). Here Jmax is the 
maximum complex current along the antenna. 
(If h<X/4, one writes (33) in the form 
[I(2’) ]}=(/./sin Bh) sin B(s+h—|2'|), (34) 


where J, is the complex current at the driving 
point z=s.) Conversely, one selects the ex- 
pression 


(33) 


[ley =[1(-2) =, 


cos Bs 





(35) 


- to represent the current distribution within in- 
terval (2), when computing the actual distribu- 
tion of current along the portion of antenna 
lying within interval (1). The. form of (35) is 
chosen to agree with the form of the vector 
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cos 82, (32b) 


sin Bs 








potential distribution (19b). Equation (33) should 
be substituted in the last two integrals of (24b) 
and Eq. (35) is used in the last two integrals 
of (30). 

Now a negligible error is committed by assum- 
ing that Jmax Occurs precisely at s=s+h—(\/4). 
(The current in the vicinity of \/4 from the free 
end of the antenna is slowly variant with respect 
to distance along the radiator, and may be taken 
as Imax for all practical purposes.) ZJmax may be 
obtained from (30) by setting z=s+h—(A/4) 
throughout. This gives one relation between 
Imax and J,. Next (24b) may be specialized to 
obtain the driving point current J,, by writing 

=s throughout. Thus a second relation between 
Tmax and J, is obtained. These simultaneous equa- 
tions yield Jmax and J, explicitly. One now applies 
boundary condition (d) by equating (24b) to 
(30) at z=s. A further restriction is imposed on 
C, and C, by requiring a vanishing current at 








Fic. 2. Isolated asymmetrical dipole. 


JOURNAL OF APPLIED PHYSICS 




















z=s+h (boundary condition e). This is accom- 
plished by writing J(z)=0 for z=s+A in (24a). 
The currents appearing under the integral signs 
are given by (32a) and (35), respectively. Thus, 
one may determine the constants C, and Co. 

Having found Ci, C2, Imax as well as J,, the 
input impedance Z, is available from 


Z.=V.¢/I,. (36) 


Persons desiring a numerical ‘solution to the 
present problem will find that all integrals in- 
volved throughout the analysis may be readily 
evaluated in terms of the tabulated sine and 
cosine integral functions. 


PART II 


The Problem of the Isolated 
Asymmetrical Dipole 


The antenna déscribed is assumed to fall along 
the z axis of a system of cylindrical coordinates, 
as shown in Fig. 2. The generator is located at 
z=0, and the ends of the antenna are defined 
by z=+A and z=-—s. The radius of the con- 
ductor over interval (1) (O=z=A) is ay. Over 
interval (2) (0=s=-—s) the radius is a,. 

Proceeding as in Part I, the vector potential 
along the surface of the antenna in the indicated 
intervals may be written 


Interval (1) 
-J 


c 


A(z) =——(k; cos 8z+k:2 sin Bz), (37a) 


Interval (2) 


a? 
A(z) =——(k; cos B2+k,sin Bs). (37b) 
c 


Applying boundary condition (a) Part | (at 
2=0), 
Vot=ko—ky. (38) 
Here Vo° is the voltage applied across the input 
terminals to the antenna. 
One now writes (37) in the form 


Interval (1) 


A(z) rere cos 63+ k2 sin Bz), (39a) 

c 

Interval (2) 
A(z) wate cos 62+ (k2— Vo*) sin Bz). (39b) 

c 
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(2) 
Fic. 3. Superposition of asymmetrical dipoles to obtain 


antenna with two generator drive. 


The two simultaneous integral equations in the 
current are: 


. eel i8R 
f P wy - J ) 


h 


, exp (— jBR;) 
+f I(z’) dz’ 
0 R 














h 
— jar 
an = cos 6z+k: sin Bz) (40a) 
(0Ss=+h). 
xp (—JjBR, 
i "Nigh ne 
ae R, 
xp (—jBR,) 
0 R, 
— jar 
aT cos 62+ (k2—Vo*) sin Bz) (40b) 


ce 


(0O=s= —s). 


If the method of solution is to parallel the 
method already advanced, it is necessary to 
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assume the currents 


[7(2’) }=J; max sin B(h—2’), (41a) 


and 


(J(2’) = Ts max sin B(s+2’). (41b) 


and employ them like (33) and (35) in Part I. 
(The subscripts on Imax are indicative of the 
interval in which the particular Jnsx obtains.) 
If both # and s areless than \/4 in length, [J(z’) ] 
may be conveniently referred to the input cur- 
rent Jo. 

The constants k,, ke and k; are evaluated on 
the basis of continuity of current at z=0, and 
vanishing current at both z= —s and z= +A. 

The importance of the asymmetrical dipole as 
a prototype in the solution of more advanced 
antenna problems can hardly be overempha- 
sized. For one application, reference is made to 
Fig. 3. Assume that an expression is available for 
I(z) referred to z=0. (The origin of coordinates 
is now coincident with the geometrical center of 
the radiator.) Continuing with Fig. 3, (2) is 
derived from (1) by writing —z for z in J(z). 
Next, one reverses the polarity of the driving 


generator in (2), and adds the currents in (1) to 
those in (2). The result is equivalent to the 
problem discussed in Part I, as shown in (3). 
The distance between generators is h—s. When 
h—s—0, a symmetrical center-driven antenna 
is obtained, having a voltage 2 V9* applied across 
its input terminals. Assuming that the analysis 
of Part I will give poor results when Q, is small, 
the trouble will certainly be circumvented by 
super-imposing two asymmetrical dipoles in the 
way described. 

Professor Ronold W. P. King of Harvard Uni- 
versity made several useful suggestions which 
have been incorporated within the paper. The 
author hopes to use an expanded version of this 
report as part of a thesis on antennas to be 
submitted to fulfill one of the requirements for 
the D.Sc. Degree from Cruft Laboratory. The 
antenna sketches are by W. Thomson. 

This article is presented in* accordance with 
Navy Regulations governing the publication of 
professional articles by naval personnel. The 
opinions expressed are those of the writer, and 
are of course strictly unofficial. 





Correction of X-Ray Diffraction Intensities for Lorentz and Polarization Factors 


M. J. BUERGER AND GILBERT E. KLEIN 
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(Received February 3, 1945) 


In crystal structure determination, it is necessary to apply corrections for Lorentz and 
polarization factors to the intensities of the x-ray diffraction spectra. Such corrections usually 
appear to take complicated form. It is shown that Lorentz factors can all be reduced to the 
comparatively simple form, L = (1/S)-(1/sin T), where S isa scale factor, constant for a particular 
recorded level of the reciprocal lattice, but differing in form depending on the method of 
recording. The factor can be eliminated from subsequent computation of corrections by proper 
timing of the photographs of the levels of the reciprocal lattice, and then all photographs have 
the same simple Lorentz correction, namely sin T. The polarization factor, on the other hand, 
depends only on the reciprocal lattice coordinate, ¢, and is independent of method of recording. 
Six tables are provided for simplifying the routine computation of Lorentz and polarization 
corrections, and the methods advocated for correction are illustrated by examples. 


INTRODUCTION 


HEN determining the positions of atoms 

in crystals, either by trial and error pro- 
cedures or by employing any of the Fourier 
syntheses, it is necessary to make use of the 
relation, 


Ib~L-p- F?, A) 


for each reflection Ak/. Here, J>=the intensity of 
the reflection, L=the Lorentz factor: for the 
reflection, =the polarization factor for the re- 
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flection, and F=the structure factor for the 
reflection. In the Fourier syntheses, the F’s or 
their squares are the coefficients of a Fourier 
series. The diffraction experiment provides a 
series of J’s, and it is necessary to compute F's 
from them with relation (1). When using trial 
and error procedures, it is customary to com- 
pute J for each reflection of the trial structure 
and compare it with the experimentally ob- 
served J. In either case, it is necessary to apply a 
factor L-p for each reflection in order to obtain 
the desired list of computed F’s or /’s. 
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Lu’ has recently presented a chart method of 
finding the correction for transforming the J’s 
of equi-inclination Weissenberg photographs to 
F’s for Fourier syntheses. One of us had already 
outlined? a much more general method‘ of ob- 
taining the correction. This method can be 
applied to any experimental procedure employing 
a rotating crystal, regardless of the inclination of 
the x-ray beam to the crystal rotation axis, and 
regardless of the angle of the diffraction cone. 
In this paper, a more detailed discussion of the 
application of this method is given, and appro- 
priate tables of important functions used with 
it are provided. 


THE LORENTZ FACTOR 


The general form of the Lorentz factor for 
diffraction methods employing a rotating crystal?* 
1S 

L=1/cos u cos v sin T, (2) 
where yp, v and T have their usual significances.’ 
This general form is necessary when general 
inclinations of the x-ray beam and diffraction 
cone are used. The only common instance of this 
occurs with the de Jong-Bouman method. The 
general expression reduces to .the following 
special cases: 


Normal beam, yr 
L=1/cos yz sin T, (3) 


(rotating-crystal, oscillating crystal, normal- 
beam Weissenberg and Sauter methods). 


Flat cone, v=0: 
L=1/cos » sin T, (4) 
(chiefly flat-cone Sauter method). 


Equi-inclination, 


u=—v ui Sas 
Anti-equi-inclination, L=1/cos* usin T (5) 
u=v 


(chiefly Weissenberg method). 


Each of these has the form 
L=(1/S)-(1/sin T), (6) 


where S is a level-scale factor, constant for any 
level, but differing in form, as indicated in 
1 Chia-Si Lu, Rev. Sci. Inst. 14, 331-335 (1943). 


2M. J. Buerger, Proc. Nat. Acad. Sci. 26, 637-642 
(1940). 


3M. J. Buerger, X-Ray Crystallography (John Wiley & 
Sons, Inc., New York, 1942), p. 297. 
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(2)-(S), with the various schemes of inclining 
the beam and diffraction cones. 

When determining x-ray diffraction intensities 
by photographically recording the diffracted 
radiation (which is currently the common way 
of determining diffracted x-ray intensities), the 
imtensity recorded on the photograph is propor- 
tional to the time of exposure, ¢, and the dif- 
fracted intensity, Jp: 


I~tlI. (7) 
Combining this with (1): 
I~tLpF’. (8) 
Substituting for Z in (8) from (6) gives, 
I~[t(1/S)(1/sin T) ]pF*. (9) 


When working with a photographic diffraction 
method which records only one level at a time, 
such as the Weissenberg, de Jong-Bouman, 
Sauter, or precession methods, the simplest 
way of dealing with the Lorentz factor correc- 
tion can be seen by combining it with the time 
factor indicated by (9), so that the time-Lorentz 
factor is 


tL =t-(1/S)(1/sin 7). (10) 


It is evident that by appropriately selecting ¢ 
for recording a particular level, the product 
t(1/S) can be made unity. To accomplish this, 
an exposure time must be selected so that 


t=S. (11) 


The time of exposure, ¢, can be scaled up by any 
constant 7», provided that the same constant is 
applied to the exposures of all levels. The length 
of time, 7», is conveniently made the time of 
exposure ‘for the zero level. If this is done, the 
intensity on the photographic film is 


I~Tot(1/S)(1/sin T)pF*. (12); 


Since ¢ is made equal to S by appropriately 
timing the exposures, and since T9 is a constant 
for all exposures, (12) reduces to 


I~(1/sin T) pF’. (13) 


The required computation for each reflection is 
indicated by solving (13) for F?, namely 


F*~sin T(1/p)J. (14) 


The computation requires one to have on hand 
only a table of sines, in degrees and decimals, 
and a table of the reciprocal of the polarization 
factor. 
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Fic. 1. The relation between quantities useful in the 
computation of the Lorentz factor for the de Jong-Bouman 
and precession methods. 


retetjon 
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Fic. 2. Tlie relation between quantities useful in the 
computation of the polarization factor. 











Fic. 3. Resolution of the coordinate ~ into components 
along the reciprocal lattice axes, for the case of a level 
having twofold symmetry. 


To apply the time-Lorentz factor, one pro- 
ceeds as follows: Before starting the recording 
of levels, the appropriate level-scale factors are 
computed for each level as a function of the 
level coordinate, ¢. For the several cases listed 
‘in (2)—(5), the factors are 
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General inclination: 
S=cos u cos vy cos sin (sin »—¢) cos v. (15) 


(vy is arbitrarily selected, and commonly 
held constant at 45° for de Jong-Bouman 
photographs. ) 


Normal-beam: 


S=cos v=(1—£¢?)!. (15’) 
Flat-cone : 

S=cos p=(1-—")!. (16) 
Equi-inclination : 

S=cos? u=(1—-[¢/2})!. (17) 


In making the exposures, each level is timed so 
that t= 7)S, where 7) is the time of exposure of 
the zero level. This procedure leaves the correct- 
ing of the Lorentz factor merely a matter of 
applying a correction which is the same for any 
level, namely sin T. 

For rotating-crystal and oscillating-crystal 
photographs, the levels are not usually recorded 
separately and it is thus impossible to take ad- 
vantage of eliminating the level-scale factor by 
time cancellation. For these photographs, the 
normal beam correction, S=cos v= (1—¢*)? must 
be applied according to level coordinate ¢, and 
also the sin T-factor must be applied according 
to the coordinate T. 

When the photographs are all made, the value 
of sin T can be found from the position of the 
reflection on the film. For cylindrical films placed 
coaxial with the rotation axis, such as employed 
in the rotating-crystal method, oscillating- 
crystal method, and the Weissenberg method, 
T is proportional to the distance of the reflection 
from the center line of the film. For cameras of 
the standard diameter,‘ 57.3 mm, T=2x° where 
x is the distance of the reflection from the center 
of the film, as measured in millimeters. 

For de Jong-Bouman photographs, T is not 
so easily found. To make the correction for de 
Jong-Bouman photographs (and also for preces- 
sion photographs), one must draw a circle’ 
(Fig. 1) the size of the reflecting circle (to the 
same scale as the photograph) and place it so 
that, with the origin correctly located, the circle 
touches the reflection in question. The time- 
Lorentz factor is then 


tL=1/sin T=R,/M, 


and the correction is M/R,=M/cos ». 


(18) 


*M. J. Buerger, see reference 3, p. 223. 
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For precession photographs,’ the correction 
for the sin T-part of the Lorentz factor is made 
as above. The level-scale correction, however, is 


(19) 


and level photographs should be timed ac- 
cordingly. 


S=sin ~ cos f=} sin 2f, 


THE POLARIZATION FACTOR 


The polarization factor, p, is invariant with 
the method of recording, and depends only on 
the deviation angle, 20: 


b= (1+ cos? 26) /2. (20) 


This factor can be computed and tabulated as a 
function of sin 6 for the reflection.:It is somewhat 
more straightforward and convenient to have it 
available as a function of some appropriate 
reciprocal lattice quantities. The transformation 
from sin @ to reciprocal lattice dimensions can 
be found with the aid of Fig. 2, which shows the 
direct x-ray beam enveloped by its sphere of 
reflection, and inclined at a general angle to the 





crystal rotation axis. The diffracted beam is SP 
and makes an angle 2@ with the direct beam SO. 
Since triangle OSP has two sides which are the 
unit radii of the sphere, it is isoscles, and hence, 
sin @=o/2. It is therefore evident that if a tabula- 
tion of (20) for the argument sin @ is prepared, 
it can easily be converted to the argument o by 
doubling the value of the argument for each 
value of the function. 

It should also be noted in Fig. 2 that o can be 
resolved into axial and radial components ¢ 
and £, so that o can be computed for each re- 
flection as a function of its reciprocal lattice 
coordinates from the relation 


o= (9+ %)!). (21) 


The term # is a function of the reciprocal lattice 
translations of the level. If the level has no 
symmetry, the function is unduly complicated 
and should be found graphically. When the 
level has axial symmetry, the expression simpli- 
fies to the following forms: 








Level symmetry 2 

2-fold h*Ca**)+k(b* ]—hk[2a*b* cos y* | (22) 
Fig. 3 

2 mm Ca] + eb] (23) 
(y=90°) . 

3-fold or 6-fold ° (h?+k2+hk)[a*? ] (24) 
(y=120°, a* =5*) 

4-fold (h?-+k)[a**]. (25) 


(7 =90°, a*=b*) 


The terms in brackets are constants for the 
crystal. Convenient tabulations of the functions 
(h?+k*) for 4-fold levels and (h?+k?+hk) for 
6-fold and 3-fold levels: are given in Tables 
I and II. 


APPLICATION 


According to the discussion just given, the 
Lorentz factor is a function of T only (after the 
level-scale factor has been taken care of by the 
timing of the exposure), while the polarization 
factor is a function of ¢« only. Success in com- 
puting Lorentz and polarization factors or their 
corrections depends upon the recognition that 
these two facter are conveniently referred to 
different coordinate systems. 


5M. J. Buerger, “The photography of the reciprocal 
lattice,"” ASXRED Monograph Number 1 (1944). 
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To allow for Lorentz and polarization factors, 
one takes account of three things: (a) timing of ~ 
the exposure of the level to eliminate the 
level-scale factor; (b) the sin T part of the 
Lorentz factor; (c) and the polarization factor, 
(1+-cos? 26) /2..The first is part of the experimental 
procedure and calls for different exposures for 
different levels. Since the several x-ray exposures 
must be accurately timed anyway, this does not 
give rise to additional trouble. The second part 
involves measuring the distance of the reflection, 
in millimeters, from the center line of the film, 
multiplying it by two to convert it to the angle T, 
and looking up the factor in a table of sines. The 
third is the most troublesome of all, even though 
the value of the function varies only from 0.5 
to 1.0. It involves computing, or graphically de- 
termining the reciprocal lattice distance, ¢, for 
each point on the reciprocal lattice, and finding 
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from this value the value of the function 
2/(1+ cos? 26). 

In order to facilitate this last step, we have 
prepared tables of the polarization factor correc- 
tion, for the argument ¢ and also sin 6. We also 
present tables which combine Lorentz and 





For transposing J to F 
(useful for deriving F’s for 
Fourier series) 


as functions of sin of 


EXAMPLES OF COMPUTATION OF CORRECTIONS 


In this section we give some examples of the 
computation of Lorentz and polarization correc- 
tions for several cases which commonly arise in 
interpreting moving film photographs. The ini- 
tial step is, in all cases, to time the exposures of 
the several levels so that t= 7S. Here T> is the 
exposure time to be used for the zero-level photo- 
graph and S is obtained for, the several levels to 
be photographed from (15)—(17), according to 
the recording method. In the case of the preces- 
sion method, the factor S is sin ¢ 3 sin 2f, where a 
is selected and is ordinarily constant for the 
series of levels, and * is found from the relation 
cos >=cos i+d*. If much work is to be done by 
the precession method, it is advisable to select a 
constant value of f, and then find S as a function 
of d* graphically. 

In the example we assume that the equi- 
inclination Weissenberg method is to be used. 
We first lay out the form of Table VII, where 
the designations ~, uw, and s have their usual 
Weissenberg significances. This table is not 
only prepared for the purpose of computing the 
timing of the photographs, but also for the 
purpose of providing the various Weissenberg 
settings. Column VII is computed from VI, 
but the character of the function in VI differs 
according to method as given in (15)—(17). In 
the equi-inclination Weissenberg case, here dis- 
cussed, S=cos? yu, so this column may be ob- 
tained by stages from column I]. The exposures 
in column VIL, according to (11), must be in 
proportion to S of column VI. These values are 
scaled up so that the time, To, of the zero level is 
20 hours. The final timings of the levels are then 
as given in the last column. 
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as functions of o 


polarization factor corrections for zero-level 
photographs taken under conditions n.=0. These 
particular tables should not be used for zero-level 
photographs where »#0, nor for non-zero-level 
photographs. The tables fall into the following 
categories : 


Table 
1/L-p for zero levels, »=0 Ill 
1/p for n-levels IV 
1/L-> for zero levels, »=0 V 
1/p for n-levels Vi 


Table VIII indicates how to make the correc- 
tion for Lorentz and polarization factors for the 
zero-level photograph where »=0 (for example, 
a zero-level, equi-inclination Weissenberg photo- 
graph). Such zero-level corrections are especially 
simple. Column II is derived from the h and k 
indices in Column I with the aid of Table II. 
Column III is the solution of (24) for the particu- 
lar crystal used in the example, where a* =0.1779. 
Column IV is the solution of (21). Column V is 
the required correction, as found from Table III. 
Column VII is obtained by multiplying the 
values in Columns V and VI. 

Table IX shows the corresponding computa- 
tion applied to data from an n-level (specifically 
the 2nd) equi-inclination Weissenberg photo- 
graph. Columns I, II, and III are computed in a 
manner identical with that of Table VIII. The 
computation of o for n-level photographs, how- 
ever, requires taking account of the additional 
component shown in Column IV. The correc- 
tions for the L- and p-factors are also more com- 
plicated and must be made separately, and are 
found in Column VI and in Columns VII and 
VIIT respectively. The p-correction of Column 
VI is taken directly from Table IV. 

The computation for the correction of zero- 
level photographs taken for methods where 
u*0 (as in the case of de Jong-Bouman and 
precession photographs) is different. In this case, 
M/R,,=sin T must either be derived graphically, 
as in Fig. 1, or computed, whereas in the previous 
cases, T was directly measured on the photo- 
graph. With this exception the computations are 
the same. The form of Table X, which holds as it 
stands for the zero level, is also valid for n-levels 
provided allowance for the c-component of ¢@ is 
made as in Column IV of Table IX. 
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TasLe VII. Example of computation of timing of exposures of the photographs of the several levels. 








Case: equi-inclination Weissenberg. 





















































Varies with method according to (15)—(17) 
I Il Ill IV VI VII 
Level eneedinnte inclination lay er-screen COS S=cos? p t=T,S 
number of level, = angle,* u setting,® s 
0 0.000 0.0° 0.0 mm * 1,000 1.000 20.00 hrs. 
1 .178 5.1 2.2 .996 .992 19.84 
2 356 10.3 4.7 .984 .966 19.32 
3 .534 15.5 A .964 .930 18.60 
«From X-Ray Crystallography, see shied 3, Figs. 155 poe 156. — = wa ae ae 
TABLE VIII. Example of computation of F* from J, hexagonal crystal. 
Case: ek level, » =0. 
a*? =0.0316. ¢=0. 
I II Ill IV Vv VI Vil 
Reflection h?+k?+hk a**(h?+k?+hk) o 1/L-p I FP 
hkl (from =[a**(h?+k?+hk) }} (from (experimental (VXVI) 
Table II) Table IIT) data) 
130 13 0.411 0.641 0.7457 2.4 1.8 
200. 4 .126 355 .3733 a yD 
220 12 .379 615 .7077 11.6 8.2 
350 49 1.548 1.244 1.8532 -. 2.8 
600 36 1.138 1.063 1.5163 1.5 2.3 
° TABLE IX. Example of computation of F* from J, hexagonal crystal. 
Case: n-level, equi-inclinatio 
a®? =0.0316. c™ =0.0336. 1 =2. nem ‘=0. 134. 
I Il Ill IV V VI VII Vill IX xX 
Reflection h?+k?+hk a*(h?+k?+hk) II1+Pe? o 1/p Tt sin T I FP 
hkl (from =(IV)} (from (from film (experi- =VI-VIII-IX 
Table II) Table IV) measure- mental 
ment) data) 
122 7 0.221 0.355 0.596 1.1930 28.40 mm 0.4756 5.1 2.9 
252 39 1.232 1.366 1.170 1.8188 69.00 .9336 = 0.2 0.3 
302 9 0.284 0.418 0.647 1.2314 31.90 .5284 1.0 0.7 
332 27 853 .987 .993 1.5924 56.40 .8329 = 0.7 0.9 
512 31 .980 1.114 1.055 1.6725 60.80 8729 =0..5 0.7 








TABLE X. Example of computation of F? from J, hexagonal crystal. 








Case: zero level, ~ #0 (de Jae oe 
a®™ =0.0316. f =0. u =4 








I II Ill IV Vv VI Vil VIII 
Reflection h?+k?+hk a*?(h?+k?+hk) o 1/p sin T I FP 
hkl (from = [a**(h?+k*+hk) }! (from (from (experi- V-VI-VII 
Table IT) Table IV) Fig. 1) mental . 
data) 
130 13 0.411 0.641 1.2267 0.81 1.8 1.8 
200 4 .126 355 1.0654 A9 5.1 Me 
220 12 .379 .615 1.2073 78 8.7 8.2 
350 49 1.548 1.244 1.9026 84 1.7 2.7 
600 36 1.138 1.063 1.6829 .99 1.4 2.3 
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The Determination of Molecular-Weight Distribution in High Polymers 
by Means of Solubility Limits*} 


D. R. Morey anp J. W. TAMBLYN 
Kodak Research Laboratories, Rochester, New York 


(Received March 20, 1945) 


By means of polymer fractions of known molecular weight, dissolved in solutions of known 
compositions, it is possible to determine the solubility law which relates the point of solution 
saturation to the molecular weight and concentration of the dissolved polymer. Having 
established such a calibration, it is possible to determine the molecular-weight distribution 
in a heterogeneous sample of the polymer by suitable operation on a curve relating the mass of 
polymer precipitated to the‘amount of precipitant added to the solution. Optical means, making 
use of scattering from the precipitate, are used to obtain this latter curve. The method is 
applied to cellulose acetate butyrate and is shown to give results in agreement with gravi- 


metrically obtained distribution curves. 





INTRODUCTION 


ITH the increasing use of high polymers, 

it has become more and more evident 
that the molecular sizes in a heterogeneous 
polymer are not sufficiently characterized by an 
average value only. For more precise knowledge 
of the basis of solubility, swelling, and mechanical 
properties, a knowledge of the distribution 
function of the molecules with respect to weight 
is necessary. The standard method of deter- 
mining such a distribution function is to effect 
by physical means a separation or fractionation 
of the polymer into relatively homogeneous 
parts, and obtain both the average molecular 
weight and the weight fraction in each of these 
parts. The difficulties and the time required for 
such a procedure are so great that it is not often 
carried out. The need for a simpler or more rapid 
method of obtaining the chain-length distribution 
function has stimulated research, and two new 
methods are now coming to fruition. 

The first of these is based on the work of 
Debye,! the second was reported by us recently.” 
It is interesting.that both these methods make 
use of scattered light, although in quite different 
ways. Debye’s method measures the light scat- 
tered from dilute solutions of the polymer; this 


* Presented to the Division of High-Polymer Physics, 
Rochester, New York, June, 1944. In the schedule of 
papers presented in the symposium at this meeting, which 
was published in the January, 1945, issue of this Journal, 
it was stated incorrectly that this paper was to be pub- 
lished in Industrial and Engineering Chemistry. This error 
occurred because a paper by the present authors having a 
somewhat similar title was scheduled for Industrial and 
Engineering Chemistry. 

¢ Communication No. 1024 from the Kodak Research 
Laboratories. 

1P. Debye, J. App. Phys. 15, 338:(1944). 

2D. R. Morey and . Tamblyn, Meeting, High- 
Polymer Physics Division, Rochester, N. Y., June, 1944. 
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scattering arises from the random thermally- 
induced local variations in solution density and 
polymer concentration. This latter contribution 
is related to the molecular weight, and for a 
heterogeneous distribution, leads to a weight 
average.* The possibility of extending this 
method to yield information about the molecular- 
weight distribution was recently discussed by 
Zimm and Doty,‘ and by Debye,‘ and it appears 
that while the distribution curve itself cannot 
(at the present state of development) be ob- 
tained, accurate measurements of the turbidity 
should lead to other weighted averages. A 
measure of the distribution curve width is then 
obtained from these different averages. 

A valuable feature of Debye’s method, applied 
to the derivation of an average molecular weight, 
is that it is a fundamental or absolute one; it 
derives the answer from measurable basic quan- 
tities without recourse to calibration from the 
osmotic pressure method. In view of the limita- 
tions and difficulties of the osmotic pressure and 
ultracentrifuge methods for measuring very high 
molecular weights, another independent method 
is most welcome. 

In contrast to this use of light scattered from 
polymer molecules while in the dissolved state, 
the second method makes use of the light scat- 
tered from particles or aggregates of the polymer 
precipitated out of solution by the addition of 
non-solvent. By making properly verified cor- 
rections, this scattered light is a measure of the 


increment of polymer which precipitates out, for 


*P. M. Doty, B. H. Zimm, and H. Mark, J. Chem. 
Phys. 12, 144 (1944). ' 
( *B. H. Zimm and P. M. Doty, J. Chem. Phys. 12, 203 
1944). 

5 P. Debye, Meeting, High-Polymer Physics Division, 
Rochester, N. Y., June, 1944. 
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each increment of non-solvent added. Scattered 
light in this method is a means of ‘“‘weighing’’ the 
precipitates without the actual physical steps of 
filtration, washing, drying, and weighing. 


EXPERIMENTAL PROCEDURE 


The apparatus centers about a square glass 
cell, which is illuminated by a parallel beam of 
light. A barrier-layer type of photo-cell receives 
the directly transmitted horizontal beam, while 
two other photo-cells are mounted to pick up 
light which is scattered transversely to the 
direct beam. The polymer to be studied is dis- 
solved in a suitable solvent, and diluted to the 
appropriate value. Best optical results are ob- 
tained with quite dilute solutions; the standard 
value used in our case was 0.1786 g per 100 cc 
of acetone. In order to bring the solution closer 
to the precipitation point before starting the 
mechanical addition of precipitant, the solution 
was further diluted with precipitant (a 3:1-by- 
volume mixture of ethyl alcohol-water in this 
case) to a value of 0.05 g per 100 cc. A sufficient 
amount of this solution (125 cc) is then placed 
in the cell, so that the incident beam is com- 
pletely within the solution. A mechanical pump 
delivers additional precipitant at a slow rate 
(18 cc per minute) to the solution, which is con- 
tinuously and rapidly stirred during this pump- 
ing. The development of turbidity is followed 
either with a drop in transmission or with an 
increase in right-angled scatter, the photo-cell 
output being recorded on a galvanometer-type 
recorder. It is necessary, in order to achieve 
reproducibility in such solution phenomena, to 
maintain controlled temperatures. Heats _ of 
mixing will cause temperature changes but by 
control of initial temperatures, and by immersion 
of the glass cell in a water bath (with appropriate 
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windows for optical illumination and _ photo- 
cells), consistent results may be obtained. There 
is thus obtained a curve relating the intensity of 
the transmitted (or scattered) light as a function 
of the amount of precipitant added. 

Since the purpose of such optical readings is 
to furnish a number proportional to the amount 
of material precipitated, the curves as taken from 
the recording chart are replotted, making the 
abscissa the percentage of precipitant added 
(denoted by P), and the ordinate a percentage of 
the maximum optical density obtained when all 
of the material has been thrown out of solution. 
With the addition of diluent, that material al- 
ready precipitated is progressively diluted, so that 
it is necessary to correct the density readings to 
some fixed value of concentration. This assumes 
Beer’s law, which can be tested in a subsidiary 
experiment. This type of curve has already been 
used as a relative and approximate measure of 
the molecular-weight spread in heterogeneous 
polymers.*? Examples of such a curye, obtained 
by the above procedure are shown in Fig. 1. 


EXPERIMENTAL PRECAUTIONS 


It is advisable, although not necessary, to 
choose a solvent and a precipitant of nearly the 
same refractive index. By so doing, there is little 
change of index of the solution as precipitation 
proceeds and no need to apply a Rayleigh index 
correction to the observed scattering from the 
particles of the precipitate. The solvent-pre- 
cipitant system must also have an index different 
from that of the polymer. Marked heat of 
mixing, in cases of rapid pumping, leads to 

*H. E. Adams, and P. O. Powers, Ind. Eng. Chem., 
Anal. Ed. 15, 711 (1943). 


7]. G. McNally, Lecture at the Gibson Island Con- 
ference on High Polymers, 1942. 
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spurious results, and this is another point to keep 
in mind in choosing the liquid system. 

There may be further complications because of 
aging of the precipitate and agglomeration to 
large particles, thus changing the optical effects 
without necessarily producing a change in the 
amount precipitated out. We have observed such 
aging phenomena particularly in the -case of 
polyvinyl acetate resins. For the cellulose esters, 
these effects are fortunately not pronounced. 
By judicious selection of the solvent and pre- 
cipitant, it is possible to minimize such effects. 

It may also be necessary to make corrections in 
case the scattering power of a precipitate is itself 
-a function of molecular weight. This latter pos- 
sibility can come about because of the different 
degrees to which a precipitate is swollen with 
liquid, according to the length of the polymer 
chain. Different states of swelling mean a 
different particle size and refractive index—two 
variables which influence the scatter. For- 
tunately, for cellulose acetate and acetate 
butyrate, as they are precipitated from acetone 
by ethyl alcohol and water, the scattering power 
per gram of precipitate does not vary much with 
molecular weight. As an illustration, however, of 
how markedly the precipitate scatter can depend 
on the molecular weight, Fig. 2 is shown. The 
test tubes contained equal masses, each fully 
precipitated, of fractions of a polymer (the butyl 
ester of the lactonized copolymer of maleic 
anhydride and vinyl acetate), fraction I being 
the highest molecular weight and IX, the lowest. 
It is readily seen how much greater is the scatter 
from the lower fractions. 

Still another precaution is to choose a solvent- 
precipitant system which will result in good 
separations on a basis of molecular weight. 
Systems exist which produce precipitates with 
practically no dependence of the precipitation 
point upon polymer molecular weight.*® 


CALCULATION OF THE DISTRIBUTION CURVE 


A specific value of P at which a precipitate 
appears is determined by five factors: (1) The 
molecular weights M; present in solution, (2) the 
concentration C; of each species of molecular 
weight in solution at the time of precipitation, 
(3) the type of polymer, (4) the temperature of 
the system, and (5) the solvent-precipitant 
system used. 


8D. R. Morey and J. W. Tamblyn, ‘Experimental 
Studies on the Fractionation of High Polymers”’ (to appear 
in J. Phys. Chem.) 
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Fic. 2. Variation of scattering power with molecular 
weight. 


In a given experiment, the last three of 
these are experimentally controlled, so that 
P=F(M,C) at saturation. Thus, any solvent- 
precipitant composition, denoted by P, is a 
saturation state for some value of molecular 
weight and concentration of the molecular- 
weight species. This view of P as a parameter 
denoting a saturated state is used in the fol- 
lowing development. It is necessary to determine 
by experiment the function F(M,C), by the 
use of homogeneous fractions of known mo- 
lecular weight, and at known concentrations.* 


A. The Determination of the Saturation 
Limit Law 


The fractionation procedure is described else- 
where,® together with the actual values for the 
cellulose acetate butyrate fractions used in these 
experiments. The effect of concentration on the 
saturation limit is studied by precipitating these 
known fractions, using different starting con- 
centrations, and noting the percent of pre- 
cipitant at which precipitation starts.** It is then 


* Since a fractionation is required to obtain such frac- 
tions, the query arises as to why continue with an optical 
method, since the standard gravimetric distribution curve 
is readily obtained if the amounts of the fractions are 
known. Indeed there is no point to establishing this optical 
method if the polymer always exists with only one and the 
same distribution, or if it is of little future interest. The 
utility of this method is that once the calibration for a 
given type of polymer is established, it is a relatively 
rapid means for deducing any new distribution whic 
may occur as a result of different methods of synthesis, 
blending, or degradation. 

*J. W. Tamblyn, D. R. Morey, and R. H. Wagner, 
““Viscosity-Molecular Weight Relationships for Cellulose 
Acetate Butyrate,” Ind. Eng. Chem., Ind. Ed. 37, 573-77 
(June, 1945). 

** If saturation, and the corresponding P value, are 
defined by the point at which a precipitate just appears, 
the exact value will depend upon the sensitivity of the 
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eee Unfractionated cellulose acetate butyrate (M =71,000) 


OOO Fraction Bz (M =137,500) 
++ + Fraction D: (M =50,000) 


Curve A: P? +3.2 log [(Cr°(1 —(P7/100))] =f(Mi) =76.8 
Curve B: P? +3.2 log [(Cr°(1 —(P7/100))] =f(Mi) =82.3 


possible to plot curves such as those shown in 
Fig. 3 and to establish the law governing con- 
centration as a variable. If this law is the same 
for different fractions, then M and C appear in 
separate terms, and the analytical procedure is 
simpler. This turned out to be the case for our 
system, the law being 


P’ = —3.2 log C’+f(M). (1) 


It is of interest to note that Schulz!®:" has derived 
a form of the function F(M, C) as follows: 


P’=Kyo+K;, log C’/M;+K2/Mi, (2) 


where Ko, K;, and Ky take on specific values for 
each polymer and solvent-precipitant system, 
and C” is the actual concentration of the mo- 
lecular-weight species M; at its point of. pre- 
cipitation, corresponding to the value P’. 

The concentration C’ may be expressed in 
terms of its initial value C°® in pure solvent 
(P =0) by the relation: 


C’ =C%(1—P7/100). (3) 


(The superscripts designate the corresponding 
values of C and P, paired together by some 
relation P=F(M,C). Subscripts are used to 
denote particular M values.) In Eq. (3) it is 
assumed that no precipitation occurs until the 
turbidity measuring system and the constancy of initial 
haze. A more accurate parameter is the point at which 1 
percent of the maximum turbidity is developed. This 
necessitates completing the precipitation. 

te 4 V. Schulz, Zeits. {. physik. Chemie A179, 321 
(1937). 


"G. V. Schulz and B. Jirgensons, Zeits. f. physik. 
Chemie B46, 105 (1940). 
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value P’ is reached, and the equation represents 
a concentration change caused by dilution only. 
Concentration changes caused by precipitation 
are calculated with the aid of the function 
F(M, C). 

Next, by precipitating fractions of varying 
molecular weight and applying the dilution Eq. 
(3) to the results, we determine the effect of M 
as a variable. Figure 4 shows the precipitation 
curves of a number of fractions, and Fig. 5 the 
f(M) plotted against M, obtained by putting the 
observed paired values of P and C into (1). 


B. Application of the Saturation Limit Law 


Let us suppose that a polymer of unknown 
distribution, but for which Eq. (1) holds, is 
precipitated by the gradual addition of pre- 
cipitant. From the light-scattering data, as will 
be shown later, it is possible to calculate the 
mass precipitated as a function of the percent 
of precipitant. Let Z be the percentage of the 
dissolved polymer which has precipitated out. 
Then from the optical data we can draw a graph 
of the function: 


Z=G(P), (4) 
and can read off the corresponding increments of : 
AZ =G'(P)AP. (5) 


Any given increment AZ does not consist 
entirely of one molecular-weight species, but 
contains a distribution around a most probable 
value, just as relatively homogeneous fractions 
but never perfect fractions can be separated 
from a heterogeneous mixture. 

It has been our experience, however, in 
working with cellulose acetate butyrate, that we 
can assign to each AZ some representative value 
and assume that all of the AZ is of this single 
value only. Results obtained with this assump- 
tion are in accord with experiment, but it may 
be that for other materials and systems, better 
accord may be obtained if some account is taken 
of the molecular-weight spread in each AZ. 
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Fic. 4. Precipitation curves for a series of molecular-weight 
fractions. 
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Suppose that in Wr grams of the polymer 
there are Wi, W2, Ws, --- grams of molecular 
weight species M,, M2, M3, ---. The ratios 
Wi/Wr, W2/Wr, W3:/Wr, ---, when plotted 
against M, will form the desired distribution 
curve. For any species M; we have: 


W; C& Cy 

eee to, (6) 

Wr Cr Cr’ 
Now, suppose that species M; is present in such 
an amount that the solution becomes saturated 
(for species M;) at a value of P=P”. If P” is 
increased by AP, a percentage (AZ)? of the total 
mass comes out of solution, and this (AZ)’ we 
take to be of the species M;. Then, 


(AZ) 7 =5:(C.°/Cr°)100, 


where 6; is the fraction of species /; precipitated 
in the interval P’ to P’+AP. 


6; =(Cr°/C°)((AZ) ;”) /100. (7) 


The concentration of species J; now remain- 
ing in solution at the end of this interval is, from 
Eqs. (3) and (7). 





Py+AP 
cr8= C043) (1- ) 


(8) 





os [oe “|: Py ~~) 
: 100 100 J 


At both the dilution P’ and at P’+AP, the 

solution is saturated with respect to species M,, 

and therefore the saturation limit law (1) holds. 
Rewriting (1) as: 


C;7=10?7 IK{Q-SOMD/K (9) 
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Fic. 5. Determination of the molecular-weight term in the 
expression for P 


f(M,) = P¥+3.2 log'0.1786(1— (P7/100)). 
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Fic. 6. Nomogram for obtaining the percentage of a given 
molecular-weight species. 


and applying (9) to the two cases, we get: 











Ce Py = 
(: —— } =—10?/K1Q-/(M#0/K, (10) 
Cr° 100 C,7° 
Cr°(AZ) 7 Py+AP 
[oan 
100 100 
= 1 Q(PT+SP)/K{Q-s(MD/K! (11) 
Eliminating f(/;), we obtain: 
CS (AZ) ,7 
100—- = (12) 
Cr° 





100 —P 
1 —1087/K ’ 
Feo 

The ratio C;°/Cr° is the key to the distribution 
curve. The right-hand side of (12) can be com- 
pletely evaluated, since a constant interval AP 
can be assigned, and corresponding values of 
(AZ)’ and P”’ read directly from the optical pre- 
cipitation curve of the polymer. (Examples of 
such curves appear in Fig. 1.) 

The actual evaluation of Eq. (12) for the 
ratio C,;°/Cr® is accomplished most easily by 
keeping AP fixed, at, say, 0.5, and using the 
nomogram of Fig. 6 in which the denominator 
of the right-hand side of Eq. (12) (for AP =0.5 
and K=—3.2) has been plotted as ordinate 
against P”’ as abscissa. Since the ordinate is on a 
logarithmic scale, the linear difference between 
the value for (AZ)’ (the numerator of (12)) and 
the corresponding value of the denominator 
(determined by the particular P’), represents in 
length the log of (100C;°/Cr°). The procedure 
is then to set dividers to the distance from the 
curve to the value of (AZ)’, measured along the 
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Fic. 7. Nomogram for assigning molecular weights. 


vertical line corresponding to the proper P”’. 
This distance is laid off from the ordinate 1. 
The ordinate reading at the other end of the 
dividers is (100C;°/Cr°). 

There remains the assignment of the actual 
molecular weight corresponding to the ratio 
C°/Cr°®. This is done by putting back into (10) 
each value of the ratio and its corresponding P 
value. The molecular weight M is then the only 
unknown and is obtained from a suitably con- 
structed nomogram which is based on Eq. (10) 
and a knowledge of f(M/). (The function f(/) 
is determined by experiment on the fractions 
(whose osmotic molecular weights have been 
measured) as has been shown in Fig. 5.) The 
value of M associated with the distribution ratio 
obtained from Fig. 6 is found from the nomogram 
shown in Fig. 7. In using this nomogram, we 
select the curve for this distribution ratio, note 
its intersection with the proper value, and read 
off the corresponding M. 

According to this procedure, a tabulation of 
distribution ratios and corresponding molecular 
weights is made, covering the P range of the 
whole precipitation curve. Since >> (100C,°/Cr°) 
must equal 100, the values of the distribution 
ratios should be ‘‘normalized,” so to speak, before 
they are plotted against M to make the final 
distribution curve. 


424 


The values of the ratios, in suitable class 
intervals of AM (usually, AM =10,000) are then 
added to form the final distribution curve. 
Figure 8 shows the distribution curve obtained 
optically, and the gravimetric distribution curve 
for the same sample of cellulose acetate butyrate. 
The agreement is most satisfactory. 

Figure 9 illustrates how well this optical 
method analyzes a synthetic mixture of one 
part by weight of a fraction of molecular weight 
183,000 and two parts by weight of a fraction 
of molecular weight 33,000. (The precipitation 
curve for this mixture is shown in Fig. 1.) The 
peaks are seen to agree closely with the molecular 
weights of the component fractions. 

In applying this method to other polymers, 
the specific details may be different from those 
given here, because of a different form of the 
saturation limit law or because of necessary 
corrections in the conversion of light-scattering 
data to mass precipitated. The general mode of 
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Fic. 8. Distribution curves of a heterogeneous cellulose 
acetate butyrate obtained by gravimetric and by optical- 
solubility procedures. 
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Fic. 9. Distribution curves of a mixture of two fractions. 


1 part by weight of fraction of molecular weight 183,000. 
2 parts by weight of fraction of molecular weight 33,000. 


attack on the problem is, however, unchanged. 
The procedure requires considerable initial labor 
in calibration but is capable of yielding detailed 
and accurate results. 
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Techniques for Evaporation of Metals* 


LEONARD O. OLSEN, CHARLES S. SMITH, AND E. C. CRITTENDEN, JR. 
Case School of Applied Science, Cleveland, Ohio - 


(Received March 23, 1945), 


Thirty-four elements have been observed for evaporation 
behavior, the results being summarized for each element 
and the best techniques then listed in Table I. Heaters 
studied fall into two general classes, wires and crucibles. 
Tungsten, iron, nickel, and chromel wires were used and 
these were formed into close wound conical baskets and 
helical coils. Each element was studied for evaporation 
behavior from as many of these forms as was possible. 
Alundum and BeO crucibles formed by painting suspen- 
sions of these materials on a tungsten conical basket fol- 
lowed by baking at a high temperature were exceptionally 


‘ 


satisfactory heaters for almost all of the elements studied. 
These crucibles served well for the evaporation of metals 
whose evaporation temperatures approached 2000°C as 
well as for those with lower evaporation temperatures. 

The 18-inch evaporation system was designed and con- 
structed along fairly standard lines. An externally oper- 
ated, four-inch vacuum valve between the diffusion pump 
and the bell jar allowed air to be admitted to the bell jar 
without cooling the diffusion pump. This valve was an 
especially useful feature of the equipment. 





INTRODUCTION 


VAPORATION techniques have long been 
used in the preparation of astronomical 
mirrors and more recently in the preparation of 
reflecting and non-reflecting surfaces for many 
uses. Such techniques, particularly those for 
evaporating metals, have recently assumed con- 
siderable importance because of the scientific 
utility of thin metallic films and because of the 
scientific interest in the properties of such films. 
Strong’s Procedures in Experimental Physics' 
contains considerable valuable information on 
evaporation. However, it is primarily concerned 
with aluminum evaporation and _ successful 
techniques for aluminum are unsatisfactory for 
some other materials. Caldwell’s?: article on 
evaporation of metals contains much specific 


information which this article supplements and: 


in some cases corrects. 

The literature contains many other references 
to studies made on the properties of evaporated 
surfaces but there is little in these sources that 
is detailed and up to date in regard to the actual 
technique of preparing the surfaces. 


APPARATUS 


An evaporation system consisting of an 18-inch 
diameter bell jar, pumping system, and vacuum 
gauges was constructed along fairly standard 
lines. Twelve electrical terminals were brought 


* The desirability of carrying out the work described in 
this paper was suggested to the authors by prior work 
conducted for the Brush Development Company of 
Cleveland, Ohio, under subcontract with National Defense 
Research Council. The Council and the Office of Scientific 
Research and Development have granted permission to 
publish this paper: 

1 J. Strong, Procedures in Experimental Physics (Prentice- 
Hall, Inc., Raw York, 1943) p. 168. 

?W. C. Caldwell, J. App. Phys. 12, 779-781 (1941). 


VOLUME 16, JULY, 1945 





into the jar and served to mount a number of 
independent filaments, allowing several evapo- 
rations to be done with one evacuation of the 
system. These electrical leads were quarter-inch 
rods which passed through larger holes in the 
metal base plate. They were held firmly by 
tightening nuts on washers, both on top and 
bottom of the base plate. Rubber washers cut 
from a roll of tire patch material and attached 
to the metal washers furnished the necessary 
electrical insulation and made good vacuum seals, 

A vacuum valve between the bell jar and 
diffusion pump allowed air to be admitted to the 
bell jar without admitting it to the pumps. This 
convenience saved a great deal of time when 
successive evaporations were conducted. The 
valve was built up by brazing two sections of 
four-inch pipe in the shape of a tee, with flanges 
brazed on the three ends. A right-angle vacuum 
path consisting of the stem and half of the tee 
head was used. The valve stem was mounted 
axially in the other half of the tee head and 
carried a hinged flat valve head provided with a 
koroseal gasket. The hinging arrangement pro- 
vided maximum clearance with minimum throw 
of the valve stem. An external sylphon vacuum 
seal was provided. 

A Pirani gauge in the fore-pumping line was 
used to follow the operation of the pumping 
system and an ion gauge connected to the 
system through the base plate was used to 
observe the absolute pressure in the system 
during evaporation. Evaporations were carried 
out at pressures below 5X10-° mm of mercury. 


EVAPORATION HEATERS 


Three distinct types of heaters for evaporation 
were used in this study: open helical wire coils, 
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close wound conical wire baskets, and ceramic 
crucibles formed on wire baskets. Four metals, 
tungsten, iron, nickel, and chromel, were used 
as bare wire coils and baskets and the per- 
formance of two ceramics, alundum and BeO, 
was studied in the form of crucibles. Several 
major considerations govern the choice of 
heater type and material when evaporating a 
given metal. Open helical coils are obviously not 
suitable for the many metals which are not 
available in wire or strip form. Crucibles must 
be used with those metals which either dissolve 
or react with the metals named above to a 
serious degree. Again, if quantity evaporation is 
desired, the tendency will be toward the use of 
crucibles which can be made with relatively 
large capacity. Open_ helical coils possess the 
advantage of showing less directional effect 
than close wound conical baskets. The relation 
between the melting temperature of the heater 
wire and the evaporation temperature of the 
metal governs in part the choice of bare wire 
material. (Evaporation temperature is defined 
as the temperature at which the vapor pressure 
is 10-? mm Hg. A list of such temperatures is 
given in Strong.') Other considerations deter- 
mining the choice of bare heater metal are metal- 
lurgical factors, cost, and availability, these con- 
siderations suggesting the inclusion of iron, 
nickel, and chromel in the present survey. 
Temperature and chemical factors are first con- 
siderations in the choice of crucible ceramic. 
The helical coils are formed by winding the 
wire on a cylindrical mandrel of the required 
size, while the close wound baskets are easily 
formed on a wood screw. A very useful suggestion 
was given to the authors by Dr. Robley Williams 
concerning the forming of tungsten. Even large 
diameter tungsten wire can be coiled on a 
mandrel or wood screw of small diameter, with 
ease and without cracking or breaking, if the 
forming device has been previously heated to 
somewhere around 100°C. This temperature is 
not at all critical, it being sufficient to hold the 
mandrel in a vise and heat it briefly with a 
bunsen burner. A clue to this peculiar behavior 
is to be found in Figure 11, page 544, of Strong’s 
book which displays experimental results on 
percent elongation at breaking point for non- 
recrystallized tungsten which indicate a maxi- 


mum for this particular property in the neigh- 
borhood of 100°C. 
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ALUNDUM AND BeO CRUCIBLES 


Remarkable success has been experienced in 
the evaporation of numerous metals from 
crucibles. A number of ceramics were tried and 
various heating methods were investigated. The 
best results were secured with alundum and BeO 
suspensions painted on tungsten baskets and then 
baked. Heating was accomplished by passing 
current through the baskets. 

The alundum crucibles are made by painting 
a close wound conical coil of tungsten with a 
water suspension of Al,O;. This should dry in 
air to form a white shell barely covering the wire 
and filling the spaces between the wire. It is 
preferable to have a somewhat thicker coating 
of ceramic and two procedures may be followed. 
When dry, the crucible can be repainted with 
the water suspension, inside and ‘out, thus 
building up the wall thickness, or the crucible 
may be baked and then repainted, followed by 
another baking. Baking consists of heating the 
crucible slowly in a vacuum by passing current 
through the tungsten forming basket until a 
temperature of 1200°C to 1500°C is attained. 
After holding the crucible at this temperature 
for five to ten minutes, it may be cooled slowly. 
Considerable gas is driven out of the crucible 
during the baking process but its vacuum charac- 
teristics are excellent after this initial heating. 
If any blow holes or cracks should develop during 
baking they should be painted over and the 
heating process repeated. These crucibles will 
be found to be very hard and they can be used 
for repeated evaporations of those metals which 
melt below 1600°C and which do not react with 
alundum. Only one metal was observed to 
react appreciably with alundum. 

BeO crucibles are quite satisfactory and will 
withstand somewhat higher temperatures than 
those of alundum. These crucibles are made by 
painting conical tungsten baskets with an 
acidulated water suspension of fine BeO powder. 
The water should contain sufficient HCI to give 
it a PH of between one and two. Heat treatment 
is the same as for alundum crucibles. Again, 
cracks which develop will necessitate repainting 
the crucible with the suspension followed by 
another baking. Such crucibles have been used 
for repeated evaporations of materials such as 
nickel, iron, and cobalt. 

Considerable experience with both ‘types of 
crucible was gained in the work reported below 
and from this experience a few conclusions may 
be drawn about the relative merits of alundum 
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and BeO. Alundum crucibles are much the 
easier to construct and are greatly superior from 
a mechanical point of view, being harder, 
stronger, and showing less tendency to crack at 
high temperatures. The latter consideration is of 
importance since a cracked crucible allows con- 
tact between the tungsten and the evaporating 
metal, causing failure in those cases where the 
two metals react. The alundum used here was 
supposed to be useful up to 1800°C, while BeO 
is used as a refractory at much higher tem- 
peratures. Presumably then BeO might be 
effective at temperatures beyond 1800°C when 
formed into a non-cracking crucible. No evapora- 
tions were attempted, however, using alundum 
at temperatures higher than 1600°C, and while 
some fast, quantity evaporations of iron were 
carried out from BeO crucibles at 1750°C, the 
crucible life was found to be quite short. As far 
as these studies are concerned alundum appears 
to be by far superior to BeO, the latter being 
useful in the case of alundum failure or, pre- 
sumably, at high temperatures. Alundum was 
found to fail in certain cases on what were 
apparently chemical grounds, e.g., in the case 
of aluminum evaporation. 

The vacuum properties of both types of 
crucibles, constructed according to the above 
outlined methods, are excellent. Evaporating 
pressures of 5X 10-° mm Hg were readily secured 
for even high melting point metals. 

A few of the crucibles used for these experi- 
ments are displayed in Fig. 1. 


RESULTS 


The experience with each material evaporated 
will be described briefly in the following section. 
In addition a table (see Table I) is used to indi- 
cate the recommended method of evaporating a 
given material in either small or large quantities. 
In some cases the best method produced through 
these experiments is the same as that suggested 
by Strong or Caldwell. It was thought best to pre- 
sent all of the results regardless of agreement or 
lack of agreement with other published work. It 
might be well to point out here that a number 
of the materials evaporated by sublimation. 


ALUMINUM 


A helical tungsten filament is most satisfactory 
for aluminum evaporation. Heavy aluminum 
wire cut in short lengths and clipped over the 
coils of the filament ‘is readily melted. The 
molten aluminum draws up around the filament, 
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Fic. 1. Alundum (a, b, c) and BeO (d) crucibles used 
successfully for evaporation of iron, nickel and cobalt. 
These crucibles are about 1.5 cm in diameter at the base 
of the cone and are formed on 25-mil tungsten. The 
interior views show some metal remaining in the crucibles. 


spreads slightly and reacts mildly with the 
tungsten. For evaporation of large amounts it is 
only necessary to use a moderately large gauge 
tungsten wire. 

Small quantities of aluminum were evaporated 
from iron filaments. A small amount of twenty 
mil aluminum wire was wound around the 
bottom portion of several coils of a 36 mil iron 
helical filament. Slow evaporation occurred 
when the filament was near its melting point. 
Limited reaction of the aluminum with iron was 
enough to cause failure of the filament after a 
short time. 

Violét reaction of aluminum with nickel fila- 
ments made it impossible for any evaporation 
to occur. 

An alundum crucible behaved peculiarly.The 
molten aluminum seemed to migrate rapidly 
through the crucible, making it conducting. The 
principal resistance was then in the leads causing 
the aluminum to cool and solidify shortly after 
melting. 
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TaBLe I. Suggested methods for evaporation of various 


metals. 








Method for small 


Method for large 








Metal quantities quantities 
Aluminum Helical coil of W — tungsten 
coi 
Antimony Conical baskets of W, Alundum crucible 
Ni or chromel 
Arsenic Alundum crucible Alundum crucible 
Barium Conical baskets of W, Conical baskets of 
Ni, Fe or chromel W, Ni, Fe or 
chromel 
Berylliunr Conical basket of W a 
Bismuth Conical baskets of W, Alundum crucible 
Fe, Ni, or chromel 
Calcium Conical basket of W Alundum crucible 
Cadmium Conical baskets of W, Alundum crucible 
Ni, Fe, or chromel 
Carbon , Unsuccessful Unsuccessful 
Chromium Conical basket of W 
Cobalt Helical coil of W Alundum or BeO 


Columbium 
Copper 


Germanium 


Helical coil of W 

Helical coil of W or 
conical basket of W 

Conical basket of W 


crucible 


Alundum crucible 


Alundum crucible 











Indium Conical baskets of W Alundum crucible 
or Fe 
Iron Helical coil of W Alundum or BeO 
crucible 
Lead Conical basket of Fe | Alundum crucible 
Magnesium Conical baskets of W, Alundum crucible 
Ni, Fe, or chromel 
Manganese Conical basket of W Conical basket of 
W or Alundum 
crucible 
Molybdenum Melting of molyb- 
denum filament —— 
Nickel Helical coil of W Alundum or BeO 
crucible 
Palladium Helical coil of W 
Phosphorus Unsuccessful Unsuccessful 
(red) 
Platinum Helical coil of W 
Selenium Conical baskets of W, Alundum crucible 
Ni, Fe or chromel 
Silicon BeO crucible BeO crucible 
Silver Helical coil or conical Alundum crucible 
basket of W 
Strontium Conical basket of W Large conical 
; basket of W 
Tellurium Conical baskets of W, Alundum crucible 
Ni, Fe, or chromel 
Thorium Conical basket of W Conical basket of 
W : 
Tin Conical basket of W Alundum crucible 
Uranium Conical basket of W 
Vanadium Conical basket of W Conical basket of 
Zine Conical baskets of W, Alundum crucible 
Ni, Fe, or chromel 


Zirconium 


Conical basket of W 








A BeO crucible was somewhat more useful. 





Migration of aluminum through the crucible 
occurred, but rather slowly. Considerable evap- 
oration occurred from the crucible in the ex- 
pected manner but some also occurred from its 
outside walls. As time progressed the crucible 
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current increased, showing that aluminum mi- 
gration was shorting out the turns. 

The evaporation of aluminum from a tungsten 
helical filament may be considered as an example 
of the ideal evaporation of metal from a filament. 


ANTIMONY 


As antimony was not available in sheets or 
wires, only conical, close wound baskets were 
used. Tungsten, nickel, and chromel were good 
materials for these baskets, as evaporation 
proceeded nicely from all of them. In each case 
the charge melted and wetted the baskets. In 
some cases the molten charge remained sus- 
pended at the central turns of the basket. Iron 
did not prove satisfactory for the evaporation of 
antimony. As soon as the antimony melted it 
was absorbed by the iron, the result being a 
solid wire from which antimony evaporation did 
not occur. The basket burned out at a tem- 
perature considerably in excess of that at which 
evaporation of antimony took place from, for 
instance, the tungsten basket. 

Antimony evaporated very satisfactorily from 
an alundum crucible. If quantity evaporation is 
desired the crucible is probably the best source. 
For moderate amounts, the conical baskets of 
tungsten, nickel and chromel are good heaters. 


ARSENIC 


Arsenic was available in powder form. At- 
tempts to evaporate the briquetted arsenic 
powder from tungsten, iron, nickel, and chromel 
baskets failed because the briquets fell apart 
at high temperatures. 

Very satisfactory evaporation of arsenic oc- 
curred from the alundum crucible. The material 
sublimed rapidly at low temperatures and 
therefore heating had to be done slowly so that 
the charge did not “jump” out of the crucible. 


BARIUM 


Barium was evaporated successfully from 
close wound baskets of tungsten, iron, nickel, 
and chromel. The barium chips were placed in 
the baskets without removing the kerosene. 
Pumping and the initial heatings served to clean 
up the barium. In all cases the metal melted, 
wetted the wires nicely and evaporated rapidly. 

The deposited barium was metallic and shiny 
until exposed to air. Rapid oxidation occurred 
as soon as air was introduced in the system. 

The alundum crucible was unsatisfactory. As 
soon as the barium melted it migrated through- 


JOURNAL OF APPLIED PHYSICS 





o> mm C2 


il 
d 


> = 


in 


d, 


1y 
ed 


As 
h- 


CS 





out the Al,O; and reacted with it. Upon exposure 
to air the walls crumbled away from the tungsten 
in fine powder. 


BERYLLIUM 


Beryllium chips were evaporated successfully 
from a 25-mil close wound conical tungsten 
basket. No evaporation was secured from either 
iron or nickel. Although baskets of the latter 
materials were slowly heated, they burned out 
before the -beryllium melted. 


BISMUTH 


Bismuth was evaporated with equal ease from 
all the close, wound conical baskets which were 
tried, namely, tungsten, iron, nickel, and 
chromel. The molten bismuth does not short out 
the baskets as much as some of the other metals 
do and evaporation thus proceeds rapidly. This 
behavior is probably due to the fact that the 
bismuth is supported chiefly by surface tension 
oat to the fact that the resistivity of bismuth 
is toughly 10 times as great as for other metals. 

Very satisfactory evaporation of bismuth was 
secured from an alundum crucible. The molten 
bismuth pulled up in a bright sphere and 
evaporated rapidly. 


CADMIUM 


Tungsten, iron, and chromel helical filaments 
were loaded with 40-mg cadmium clips. When 
these filaments were heated, most of the Cd 
clips melted and fell off. No Cd remained on the 
tungsten or iron filaments long enough to 
observe any evaporation. A small portion of the 
charge did remain on the chromel filament and 
was evaporated. It cannot be said that this 
method was successful, however. 

Tungsten, iron, nickel, and chromel conical, 
close wound baskets were all successful when 
used to evaporate cadmium. The charge melted 
readily and stayed in the basket, provided the 
inverted cone did not have too large an opening 
at its apex. 

The alundum crucible was also a very satis- 
factory source. This method is probably the 
best for quantity evaporation and there is no 
chance of losing the charge by its dropping out 
of the bottom. 


CALCIUM 


Calcium turnings were used for these studies. 
Of the four close wound baskets used, best 
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evaporation occurred from the tungsten, the 
lower melting point baskets requiring excessive 
care to prevent failare. Heating sufficient to 
produce rapid evaporation caused the remaining 
calcium to “jump” out of the basket, which 
effect was frequently encountered with ma- 
terials which sublime readily. A non-volatile 
portion remained after completion of the evap- 
oration. This ash-like substance was probably 
CaO present in the calcium with which the 
baskets were charged. 

An alundum crucible was also satisfactory for 
calcium evaporation. The high vaper pressure 
at the bottom of the crucible tended to blow the 
charge out over the top. However, if evaporation 
was allowed to proceed slowly, no trouble was 
encountered. 


CARBON 


Small pellets of carbon, broken from a spec- 
troscopically pure graphite rod, were placed in 
a tungsten basket. Intense heating caused some 
tungsten evaporation but apparently little, if 
any, carbon evaporation. 


CHROMIUM 


Chromium pellets can be evaporated with 
ease from a tungsten basket. Because of the 
high melting temperature of chromium, no other 
material is satisfactory for its evaporation. No 
evaporations were tried in atmospheres of 
helium or hydrogen as suggested in Strong,' 
because the vacuum evaporation was successful. 


COBALT 


Some metals react seriously with tungsten 
near their evaporation temperature, which is 
usually but not always above the melting point. 
Several things may occur, among them solution 
in the solid or liquid form, and compound forma- 
tion. The solid and liquid equilibrium conditions 
in the systems, cobalt-tungsten, nickel-tungsten, 
and iron-tungsten, are similar, and cobalt, 
nickel, and iron all behave in a similar manner 
when evaporation from bare tungsten wire is 
attempted. All these metals evaporate readily 
at temperatures -slightly above their melting 
points, but if too much evaporating metal is 
present the filament burns out quickly. In the 
systems named, there is complete mutual liquid 
solubility of tungsten and the evaporating metal. 
A drastic lowering of the liquidus curve from the 
melting point of tungsten at the pure tungsten 


429 





composition to a temperature close to the melting 
point of the evaporant, at an evaporant com- 
position of about 50 percent by weight, occurs. 
At 35 percent evaporant composition, however, 
the liquidus temperature is several hundred 
degrees above the evaporating temperature, and 
at the evaporating temperature it might be 
hoped that the solid tungsten required by the 
equilibrium diagram might be in the form of 
undissolved filament. In such a case the heater 
structure might retain sufficient strength to 
avoid fracture during the time that fractional 
distillation. of the low melting metal was oc- 
curring. Vapor pressure considerations indicate 
conclusively that the amount of tungsten 
evaporated from the liquid solution would be 
entirely negligible. As evaporation proceeded in 
such a case, solid tungsten would be reformed 
and if conditions were sufficiently uniform, the 
filament would be restored to its original shape. 

An explanation substantially the same as the 
above has been advanced by Strong for the case 
of aluminum evaporated from tungsten. The 
present experience supports this view as noted 
below for cobalt, and in the paragraphs on 
nickel and iron. In these experiments a series of 
tungsten helical coils was electroplated with 
various weight percentages of. the metal con- 
cerned and careful evaporations were carried 
out. In all cases the maximum evaporant com- 
position resulting in a successful evaporation 
turned out to be in the neighborhood of 35 per- 
cent, filament fracture occurring at higher 
evaporant composition. 

In the case of cobalt the limiting percentage 
was found to be around 35 percent by weight of 
metal to tungsten. This was for tungsten helical 
coils electroplated with cobalt. 

Cobalt was plated on tungsten using a solu- 
tion of 150 g of CoCl, and 180 g of CaCl, in 
enough water to make one liter of solution. Iron 
anodes were used and the current density was 
approximately 20 amperes per square foot. 
Plating at room temperature produced a fairly 
hard deposit. The tungsten was cleaned with 
emery cloth before being formed into a coil and 
the helical coils were immersed in a sodium 
hydroxide bath and washed with water before 
being placed in the plating solution. The current 
was reversed for the first one-half minute, as 
this aided in the subsequent depositing of the 
cobalt on the tungsten. 

Weighing the coil before and after evaporation 
showed that practically all of the cobalt could 
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be driven out. Furthermore, several of the coils 
were replated and used again. Such coils are 
brittle and care must be exercised not to break 
them. 

If cobalt were available in small diameter 
wire or sheets so the tungsten coil could be 
loaded with clips or wound with wire to give a 
load of twenty-five or thirty percent by weight, 
there is reason to believe that satisfactory 
evaporation would occur. 

Cobalt was successfully evaporated in larger 
quanties from alundum and BeO crucibles. The 
crucibles were charged with pieces cut from 
cobalt rundels. It was found possible to re- 
charge these crucibles and carry out additional 
evaporation without breakdown in .spite of the 
high operating temperatures. 


COLUMBIUM 


Columbium was secured in the form of one mil 
sheets. Strips 1 mm wide and several cm long 
were tightly wound on the turns of tungsten 
helical coils. At sufficiently high temperatures 
the columbium melted rather spontaneously, 
wetting the filament and some evaporated 
deposit appeared on the test plates. The colum- 
bium disappeared practically as soon as melted 
and undoubtedly some alloying with the tung- 
sten occurred. Because of the high melting point 
of columbium, no other filaments or crucibles 
were tried. . 


COPPER 


Experiments were conducted with helical 
filaments, close wound baskets, and crucibles. 
Iron, nickel, and chromel helical coils reacted 
somewhat with the molten copper which usually 
pulled up in droplets on the wires. Little evap- 
oration occurred before the droplet moved and 
the filament burned out at the place where the 
drop previously was located. In the case of iron 
some of these drops evaporated. The evaporated 
material seemed- to contain more iron than 
copper. 

A tungsten helical coil was satisfactory for 
evaporation of very small amounts of copper. 
A few turns of fine copper wire wound on the 
bottom of a coil melted and formed-a drop 
which stuck precariously to the bottom of the 
coil and evaporated. A larger amount of copper 
formed a bigger drop which fell away from the 
coil. 

The iron, nickel, and chromel close wound 
baskets behaved poorly. As soon as the copper 
melted it shorted out the basket, reducing the 
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temperature. Increased current caused the leads 
to the basket to burn out. 

The tungsten basket also shorted out when 
melting occurred. In this case increased current 
caused the copper to evaporate. 

Very satisfactory evaporation of copper oc- 
curred from the alundum crucible. The molten 
copper pulled up into a clean ball from which 
rapid evaporation occurred. This crucible was 
recharged and its contents evaporated several 
times without any damage to it. 

A crucible is thus the best source for quantity 
evaporation of copper, while a tungsten basket 
serves well for a smaller amount. 


GERMANIUM 


Small fragments from fused germanium lumps 
were successfully melted in, and evaporated 
from, a conical tungsten basket. When the 
germanium melted, it wetted the tungsten and 
some turns of the basket shorted out but in- 
creased current produced sufficient heat for a 
fairly rapid rate of evaporation. 

Attempts to evaporate this metal from nickel, 
iron, and chromel baskets were unsuccessful due 
to reaction between germanium and these metals 
which occurred as soon as the germanium became 
molten. 

Quantity evaporation of germanium was 
accomplished with success from an alundum 
crucible. Upon sufficient heating the charge 
melted and pulled up into a shiny ball. Increased 
heating caused rapid evaporation from a white 
hot crucible. No reaction of germanium with 
. alundum occurred and the crucible was in perfect 
condition after the experiment was finished. 


INDIUM 


Indium in the form of chips evaporated well 
from tungsten, iron, nickel, and chromel baskets, 
the first two basket materials being somewhat 
superior. The molten indium wetted all these 
materials but did not short them out too much. 

Indium wire used as clips would undoubtedly 
evaporate well from tungsten and iron and 
probably also from chromel or nickel. 

Very satisfactory evaporation of indium oc- 
curred from an alundum crucible. The molten 
indium evaporated rapidly. 


IRON 


Techniques previously described for evapo- 
ration of cobalt were equally successful with iron. 
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Small iron clips, small diameter iron wire, or 
plated iron* were all evaporated successfully from 
tungsten helical coils provided the percentage of 
iron by weight was kept below 35 percent. 

Iron was also evaporated in rather large quan- 
tities from alundum and BeO crucibles. Multiple 
evaporations were carried out from both kinds 
of crucibles without serious effects on them. 


LEAD 


Of the four baskets tried, lead evaporated best 
from iron. When lead melted, it shorted out the 
basket somewhat but evaporated rapidly. The 
nickel and chromel baskets were wetted by the 
lead and all of the lead evaporated, the rate, 
however, was slower than with iron and greater 
care had to be taken to keep from burning out 
these baskets. The lead did not wet tungsten, 
consequently the molten material tended to run 
out of the bottom of the basket. For this reason 
tungsten is not as good as iron. 

Lead also evaporated very easily and rapidly 
from an alundum crucible. 


MAGNESIUM 


It was possible to evaporate magnesium by 
sublimation from baskets of all four materials. 
In all cases pieces of magnesium ribbon com- 
prised the charge. Some of these pieces hung 
over and outside the basket. When evaporation 
began, tlHese pieces usually fell off but several 
made contact with the outside of the coils of the 
basket when evaporation began and stayed in 
this position until sublimation was complete. 

Evaporation occurred rapidly from the alun- 
dum crucible. As in other cases where sublima- 
tion occurred, the vapor pressure tended to blow 
the charge out of the crucible, making it neces- 
sary to raise the crucible to the sublimation 
temperature slowly. 


MANGANESE 


Manganese was successfully evaporated from 
tungsten baskets. In this case small pieces of 
electrolytic manganese were used in a close 
wound conical basket. Evaporation occurred by 
sublimation. A similar basket of nickel burned 
out before any melting or evaporation occurred. 
Iron and chromel were somewhat more satis- 
factory in that a little evaporation occurred but 


3 Nathaniel Hall and G. B. Hogaboom, Jr., Plating and 
Finishing Guidebook (Metal Industry Publishing Company, 
New York, N. Y.). 
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the melting point of maganese is too close to the 
melting point of these filament materials to give 
very satisfactory results. 

An alundum crucible was very satisfactory as 
a heater from which to evaporate manganese. 
At a sufficiently high temperature evaporation 
began to occur by sublimation and as the tem- 
perature was raised further the rate of. sublima- 
tion increased. No tendency to “jump” out of 
the crucible was observed with manganese. 


MOLYBDENUM 


It was found impossible to melt molybdenum 
by means of heat supplied by a tungsten coil 
even though thin, narrow strips of molybdenum 
cut from sheet was wound closely on the coil. 
The sublimed material which was eventually 
driven off probably contained more tungsten 
than molybdenum. 

A small amount of molybdenum was evapo- 
rated by slowly raising a molybdenum filament 
to the melting point. 


NICKEL 


Nickel was evaporated with success by meth- 
ods similar to those used for iron and cobalt. 
Nickel plated* on tungsten coils was evaporated 
successfully if the percentage of nickel by weight 
was less than 30 percent. The plated material 
draws up in droplets when heated to melting so 
no advantage is gained over using clips or small 
diameter wire wound on the tungsten coils. 

Successive evaporations of nickel from one 
BeO crucible were conducted with good results. 
Large amounts were evaporated from the clean 
molten nickel in the crucible. Alundum crucibles 
were also found to be very satisfactory. for the 
evaporation of nickel. 


PALLADIUM 


Palladium was evaporated from a tungsten 
helical coil. A piece of thick sheet palladium was 
rolled out thin and cut into strips 1 mm wide 
which were then wound tightly on the helical 
coils. They melted rather easily, wetted the 
tungsten, and evaporated rapidly. 


PLATINUM 


Partial success in evaporating platinum was 
secured by winding 3-mil platinum wire tightly 
on a 25-mil helical tungsten filament. The 
platinum melted and apparently reacted some- 
what with the tungsten. A few small droplets 
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tormed on the filament which were finally driven 
off by intense heating. It is possible that the 
evaporated material may contain some tungsten 
due to the intense heating. 


SELENIUM 


Selenium evaporated rapidly and easily from 
close wound baskets of all four materials. Some 
wetting occurred and temporary, partial shorting 
of the basket turns was also observed. There 
seems to be little basis for choosing one basket 


material rather than another. 


Evaporation of selenium also occurred rapidly 
from the alundum crucible, no difficulties being 
encountered. 


SILICON 


Several attempts to evaporate silicon in the 
form of small chips from close wound conical 
tungsten baskets gave mediocre results. A little 
evaporation was secured, but as soon as the 
silicon became molten, rapid reaction with the 
tungsten burned out the basket. 

Successful evaporation of silicon was secured 
from a BeO crucible. As the temperature neces- 
sary to melt the silicon is quite high, care had 
to be taken to construct a good crucible without 
cracks and the crucible had to be heated slowly. 


SILVER 


Silver was evaporated with ease from both 
helical coils and conical baskets of tungsten. 
While the silver did not wet the tungsten very 
well, large clips hung on the helical coils would 
melt and pull up as a spherical drop attached to 
the tungsten at only a small point. None of these 
was observed to drop off. In the conical baskets 
the lack of wetting made it possible to evaporate 
the molten silver pellet without difficulty. 

Iron, nickel, and chromel were also tried in 
the form of coils and baskets. The baskets were 
not successful at all and the coils only. moderately 
so. Care had to be taken not to burn out thé 
helical coils before the silver had evaporated. 

Silver was evaporated in quantity and without 
difficulty from an alundum crucible. 


STRONTIUM 


Strontium chips were inserted in conical 
baskets without first removing the protecting 
kerosene film, but even so the metal was found 
to be appreciably oxidized. Several evaporations 
were carried out from baskets of tungsten, iron, 
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nickel, and chromel. Evaporation always seemed 
to occur by sublimation. This is contrary to 
results reported by Caldwell who states melting 
occurred. The tungsten basket is, probably the 
best evaporation source. Large size tungsten 
baskets served well for quantity evaporation of 
strontium. 

The evaporated surface had a shiny metallic 
appearance in vacuum but oxidized to a fine 
powder immediately when exposed to air. 


TELLURIUM 


Tellurium was evaporated by sublimation 
from all four kinds of conical baskets with ease. 
Care had to be taken to keep from blowing the 
charge out of the basket. 

Rapid evaporation from an alundum crucible 
was observed at quite low temperatures. Large 
quantities were evaporated with ease. 


THORIUM 


Thorium powder, briquetted, and placed in 
tungsten baskets was evaporated after pre- 
liminary heating had outgassed the material. 
Melting occurred at rather high temperatures, 
the thorium wetting the tungsten and evapo- 
ration proceeding quite rapidly. 

TIN 

Of the four kinds of baskets used, tungsten 
was by far the most satisfactory for the evapo- 
ration of tin. Some wetting of the tungsten 
occurred and good surface tension caused the 
molten tin to remain in a basket which was 
nearly cylindrical with a fairly large opening in 
the bottom. Iron, chromel, and nickel baskets 
burned out before much evaporation occurred. 

Satisfactory evaporation of tin proceeded from 
an alundum crucible. The molten tin first pulled 
up in a spherical ball and then later wetted the 


crucible walls somewhat. Evaporation was rapid 
and not very active. 


URANIUM 


Uranium powder was briquetted into small 
chunks and placed in conical tungsten baskets. 
When the charge did not jump out of the basket, 
evaporation proceeded without difficulty. 


VANADIUM 


Vanadium chips in a tungsten conical basket 
were melted and evaporated successfully. A mild 
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reaction of vanadium with tungsten occurred but 


‘did not interfere with the evaporation. 


ZINC 


Zinc in the form of small pellets was evaporated 
readily from all four kinds of conical baskets. In 
all cases evaporation occurred by sublimation. 
It was necessary to heat the baskets slowly and 
to evaporate at low temperature or the vapor 
pressure would drive the charge out of the 
basket. op 

Zinc was evaporated readily from an alundum 
crucible, again by sublimation. Care had to be 
taken in heating the crucible to keep the vapor 
pressure from blowing the charge out of. the 
crucible. 

Caldwell indicates that zinc reacts readily 
with such materials as chromel, iron, and nickel, 
burning out the filament before evaporation 
occurs. No such reaction was observed in the 
experiments described above, but in these ex- 


periments the temperature was always raised 


rather cautiously. In an attempt to reproduce 
Caldwell’s results, a trial was made with zinc 
and an iron basket. The temperature of the 
basket was slowly raised to a dull red at which 
point sublimation of zinc occurred. The basket 
temperature was then raised rapidly, causing the 
zinc to melt and wet the iron after which solidi- 
fication of the whole mass took place. No 
evaporation from the resulting solid was ob- 
served, and a further rise in temperature resulted 
in filament failure. 
. The above observations may be interpreted in 
terms of the zinc-iron equilibrium diagram in 
which appear two rather stable intermetallic 
compounds of high zinc composition. Zinc 
melting at 419°C may be pictured as reacting 
with iron to form one or both of these com- 
pounds which do not decompose until approxi- 
mately 700°C is reached. These compounds may 
be supposed to be stable enough that little frac- 
tional sublimation would occur from them at 
temperatures below their decomposition tem- 
perature, which latter temperature is, however, 
very near the liquidus temperature at high zinc 
composition. Hence decomposition of and evapo- 
ration from these compounds would be closely 
followed by melting and failure. The zinc-nickel 
equilibrium relations are similar to those of zinc- 
iron. Caldwell’s observations as well as the 
present reproduction of them would then seem 
to be explained in terms of the above picture. 
The successful zinc evaporations from iron and 
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nickel recorded here would appear to be due to 
the fact that sublimation was allowed to proceed 
at relatively low temperatures where the physical 
contact between the two metals is small (no 
wetting), and where diffusion and reaction rates 
are low. It may be suggested that low tem- 
peratures and long times are a general cure for 
many apparently unsuccessful evaporation tech- 
niques. 


ZIRCONIUM 


This material was available in the black 
amorphous form. Initial heating caused con- 
siderable outgassing. Further heating caused 
melting of the zirconium and evaporation pro- 
ceeded for a short time. Reaction of the zir- 
conium with tungsten destroyed the basket 
after some evaporation had occurred. 
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Lissajous Figures A number of techniques 
have been used in the study 
of compound harmonic motion. Coupled tuning forks car- 
rying small mirrors were used by Lissajous in his extensive 
studies. The Harmonograph, Kaleidophone, and, more 
recently, the cathode-ray oscillograph are 
methods for obtaining patterns of Lissajous figures. W. B. 
Hales' has obtained unusually striking effects using a 
simple Blackburn pendulum (Y-shaped). The heavy brass 
bob of this pendulum carries dry cells and a flashlight bulb 
completely shielded except for a collimating system that 


1 J. Acous. Soc. Am. 16, 137-146 (1945). 
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standard. 


gives a very fine pencil of light. This light beam traces the 
path of the pendulum on photographic paper placed im- 
mediately below. The bob is released simultaneously with 
the turning on of the light and starting of the chronometer. 
There is sufficient damping to prevent overlapping of the 
lines even near the end of the exposure. No particular ap- 
plications of this technique have been found. It woukd 
appear that the patterns obtained should be useful in 
commercial art and textile designing, as the accompanying 
photograph clearly indicates. 
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